
Diffusion and diffraction illustrated by photographs of a two-candle power lamp enclosed 
first by an opal globe (right), and then by a sand-blasted globe (left). Exposure, 15 seconds. 
See page 221. 
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AUTHOR’S PREFACE. 


Thk followiiiK l('(!tur(‘H wc'rt^ giv<;ii as a (soiirsc of instruction to 
th(i s(*nior stu( Units in t‘l(*(*,tri(!ai iniginooring at Union University. 

Th(‘y art' howt'ver intended not ni(;rely as a text-book of 
illuminating ('Ugineering, nor as a text-book on the physics of 
liglit and radiation, but rather as an (exposition, to some extent, 
from the enginei'ring point of vimv, of that knowledge of light 
and radiation whitdi (*very (iducatcd man should possess, the 
engineer as W(‘ll as the physician or the user of light. For this 
imrpose th(‘y are given in such form as to rcMpire no special 
knowhidge of matiiematies or of engineering, liut mathematical 
formalism has lieen avoidt'd and the iihenonuaia have been de- 
scribed in i>lain language, with tile excieiition of Lectures Xand 
XI, which by tluir natum an; somewhat mathematical, and are 
irdended moir particularly for the illuminating (iugineer, but 
whi(di the general reader may safely omit or merely peruse the 

t(!Xt. 

Tlui l(‘et.ur{‘s liav(‘ becsi ri'vised to datu before pulilication, and 
the important n'sull.s of tJu* work of the National Jhireau of 
Standards, e.ont.aimU in its rec.ent, bulletins, fvdly utilized. 

( ilARLMH ritOTIOUK STKINMim. 

SeuENKcTAin', Seiilemht'.r, I'.IO!). 
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COMHLEirS PREFACE. 


A BKEiKH of t^x})(din(mtal IcKsturc'H on "Light and Radia- 
tion” wore! d(‘liv(‘r('(l by Dr. StcnniiKitK in tho winter of 1907-8 
l)(‘for(i tlu\ Brooklyn Polytticdinie IuHtitute. Unfortunately no 
HtcnograiJluvr was pn^Htnit and no manuscript prepared by the 
lee/turer. A far inorti cixl-cviuhid courses of (experimental lectures 
was ho^¥t‘V(er giv(en liy Dr. StteininceU at Union University in the 
wint.ter of 1908 1), on "Radiation, laght, Illumination and Illu- 
minating I'lngimeering, ” and has been compiled and edited in 
the following. 

Two {ulditional l(Kvtiin!S hav(i be(!n adchnl theioto by Dr. Sttdn- 
m(!t>^ to mak(( tlit^ i,i'('at,m(‘nt of tlui Hubject complete even from 
the th(‘on‘tDal sidi^ of illuminating enghuudng: Lcioture X on 
"liiglit Flux, and Distribution” and Lecture XI on "Light 
Inlensiiy and Illumination,” Th(^s(i two h'.cturea give the 
E(«m(ai(,s of (lit; uuitlu'nijitie.al Uit'ory of illuminating (aigimiering. 

With (ht; (‘Xe.eplion of iJie. latlnr two hHjturtiS the following 
book e.onlains pratU-ieally no nudhtimatics, !)ut distiUBses the 
subjects in jjlain and gent'niJly undiirstood language. 

'i'li(‘ subjoc.t mattur of Lecturt; XII on "Illumination and 
Illuminaling Engineering” lias btitai, given in a liaper before tho 
Illmninating j'lngint't;ring Sotut'ty; tin; otli(;r hictiuvs are n(;w 
in their form and, an I bt;li(;v(', to a c.onsidi;rable cixttait also in 
their conbmts. 

In (lesc.ribing the {;xperiments, nunuahial and dimcaisional 
data on the apparatus liaA't; bt'iin given, and the illustrations 
tlniwn (.0 s(;al(;, iis far as possililt;, so as to make tin; rep(itition 
of the experiments e,onv(;nient for tin; rtiatha’ or kavturtu'. 

(Ireat^ (hanks art; dm; to tin' (,(;(;hnic.al staff of the McGraw-Hill 
Book {'ompany, whithi ha.s spart^d no (‘ITort to produce the book 
in as jierfec.t a niainn;!* as ptissibk;. 

JosiopH L. R. Hayden. 


SeitKNKC'i'ADV, St'jiU'mhcr, IDO;). 
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EADIATION, LIGHT, AND 
IIJVUMINATION. 


LECTURE I. 

NATURE AND DIFFERENT FORMS OF RADIATION. 

1. Eadiation is a form of (uua’gy, and, as such, can be produced 
from other forms of (uuu'gy and converted into other forms of 
energy. 

Th(5 most convcmicait form of energy for the production of rad- 
iation is hcifit entvrgy, and rtidiation when destroyed by being 
interecipt(‘d by an opaciue body, usually is converted into heat. 
Thus in an incandescent lami), the hciat (energy produced by the 
elcic.tricj currt'nt in tlu^ rc^sistanc-e of the fUanumt, is converted 
into radiation. If I hold my hatid luuir the lain|), the radiation 
interce])t(Hl by tlu^ hand is destroyiMl, that is, converted into heat, 
and is hdt a.s such. ( )n tlu^ way from the lamp to the hand, how- 
ev(;r, tluj cmergy is not lieat but radiation, and a body which is 
transi)ar(sit to the radiation may be interposed between the 
lamp and tlu'. baud and nMuains pc'rfec.tly (jold. The terms 
“lieat radiation” and “radiant luuit,” which an^ occasionally 
used, tlu'ndore arii wrong: tlu'. so-called radiant heat is not heat 
Imt nurudion (me.rgy, iind bec.omes heat only when, intercepted 
liy an opaciiu'. body, it c.easc's to lie radiation; the same, however, 
appli(^s to any radiation. If we do not feel the radiation of a 
merc.ury lam|) or that of tlie moon as heat, while we feel that of a 
(!oal fire, it is nu'rely bec.ause the tof,al energy of the latter is very 
much greatc'r; a sufUcienlly sensitive heat-measuring instrument, 
as a b()lomet('r, shows the heat produced by the interception of 
the rays of the mnrcury lamp or the rays of the moon. 

The most consiiicuous form of radialion is light, and, therefore, 
it was in connetiiiion with this form that the laws of radiation 
were first studied. 
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2 RADIATION, LIGHT, AND ILLUMINATION. 

2. The first calculations of the velocity of light were made by 
astronomers in the middle of the eighteenth century, from the 
observations of the eclipses of the moons of Jupiter. A number 
of moons revolve around the planet Jupiter, some of them so close 
that seen from the earth they pass behind Jupiter and so are 
eclipsed at every revolution. As the orbits of Jupiter’s moons 
were calculated froin their observations by the law of gravita- 
tion, the time at which the moon M should disappear from sight, 



Fig. 1. 


when seen from the earth E, by passing behind Jupiter, I (Fig. 1), 
could be exactly calculated. It was found, however, that some- 
times the moon disappeared earlier, sometimes later than cal- 
culated, and the difference between earliest and latest disappear- 
ance amounts to about 17 min. It was also found that the 
disappearance of the moon behind Jupiter occurred earlier when 
the earth was at the same side of the sun as Jupiter, at A, while 
the latest disappearance occurred when the earth was on the 
opposite side of the sun from Jupiter, at B. Now, in the latter 
case, the earth is further distant from Jupiter by the diameter 
ASB of the orbit of the earth around the sun S, or by about 
195,000,000 miles and the delay of 17| min. thus must be due to 
the time taken by the light to traverse the additional distance 
of 195,000,000 miles. Seventeen and one-third min. are 1040 
sec. and 195,000,000 miles in 1040 sec. thus gives a velocity of 

^ , 195,000,000 -1 

light of ^ ^ or 188,000 miles per sec. 

Later, the velocity of light was measured directly in a number 
of different ways. For instance, let, in Fig. 2, D iDe a disk per- 
forated with holes at its periphery. A lamp L sends its light 
through a hole Ho. in the disk to a mirror M located at a con- 
siderable distance, for instance 5 miles ; there the light is reflected 
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and the mirror is adjiistod so that the reflcotod beam of light 
passes through anotlier lioh^ of the disk into the tcdescope T. 
If the disk is turned half the [)it(!h of tlie holes the light is blotted 
out as a tooth stands'in front of both the lamp and the telescope. 
Again turning tlie disk half the pitch of the holes in the same 



direction tlu^ light; reap] u'ars. If tlie disk is slowly riwolved, alter- 
nate light; and darkness will be. observed, but wlion tlie speed in- 
creases so that more than from 10 to 201ioles pass per second, the 
eye is no longer able to disiinguisli tlie in lividual flashes of light 
but sec's a stoady and uniform light; tlnm increasing the sjicihI 
still more the light grows hiintiu' and finally e.ntirely disa])pears. 
This means wlnm a hole //„ is in front of tlu^ lamp, a beam of 
light. })ass(‘s through t.lu' hohn 1 luring tiie time takisn liy the light 
to travel llu; 10 mil(‘s to the mirror a.nd back, the disk I) has 
inovi'd, and the hole, 7/^ wliicli was in front of the tel(\sco])0 
wlum the light from tlu^ lain]) |)assed tiiroiigh the hole 7Jy, has 
moved away, and a tooth is now in front of the telescope and 
interce])(.s (lie lighf.. Tluui'fon', at. the s])eed at which the light 
disa])])ears, tlie time it takt's the disk to move lnd,f the pitch of a 
hole is eijual to the lime il. lakes (.he light to travid 10 miles. 

Incri'asing still furlher the vi'lociiy of the disk I), the light 
appears agiin, a,n(l increases in brilliancy, reaching a maximum 
at twice the specul a(, which it had disa])]H'ar('d. Then the light 
reflected from the mirror 0/ again jiasses th, rough (.he center of 
a liole into the telescope, but not through the same hole /J, 
through which it would lia.ve jiassed with (lie disk stationary, but 
through the next hole If.., that is, the disk has moved a distance 
e([ual to the pitch of one hole while the liglit traveded 10 miles. 
Assume, for instance, that tlic disk I) has 200 holes and makes 
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94 rev. per sec. at the moment when the light has again reached 
full brilliancy., In this case, 200 X 94 = 18,800 holes pass the 
telescope per second, and the time of motion by the pitch of one 

hole is j - g sec., and as this is the time required by the light 

to travel 10 miles, this gives the velocity of light as 10 L_ 

18,800 

or 188,000 miles per sec. 

The velocity of light in air, or rather in empty space, thus is 
188,000 miles or 3 X 10^® cm. per sec. 

For electrical radiation, the velocity has been measured by 
Herz, and found to be the same as the velocity of light, and there 
is very good evidence that all radiations travel with the same 
velocity through space (except perhaps the rays of radioactive 
substances). 

3. Regarding the nature of radiation, two theories have been 
proposed. Newton suggested that light rays consisted of 
extremely minute material particles thrown off by the light- 
giving bodies with enormous velocities, that is, a kind of bom- 
bardment. This theory has been revived in recent years to ex- 
plain the radiations of radium, etc. Euler and others explained 
the light as a wave motion. Which of these explanations is 
correct can be experimentally decided in the following manner: 
Assuming light to be a bombardment of minute particles, if we 
combine two rays of light in the same path they must add to 
each other, that is, two equal beams of light together give a beam 
of twice the amplitude. If, however, we assume light is a wave 
motion, then two equal beams of light add to one of twice the 
amplitude only in case the waves are in phase, as and in 
Fig. 3 add to C^. If, however, the two beams and are not 
in phase, their resultant is less than their sum, and if the 
two beams Ag and B^ in Fig. 3 happen to be in opposition 
(180 degrees apart), that is, one-half wave length out of phase 
with each other, their resultant is zero, that is, they blot each 
other out. 

Assuming now we take a plain glass plate A (Fig. 4) and a 
slightly curved plate B, touching each other at C, and illuminate 
them by a beam of uniform light — as the yellow light given by 
coloring the flame of a bunsen burner with some sodium salt — 
a part of the light h, is then reflected from the lower surface of 
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the curvtHl glass {)lat(‘. Ji, a part c, passes out of it, and is reflected 
from the upptT surface of the plain glass plate A. A beam of 



reflected light a, thus is a comlnnation of a btsain h and a b(iam c. 
Th(^ two iH'ams t)f light which e,oml:»ine to a singh', oiu^, a, dilTer 
from each oth<‘r in {(hast* by twie.e tlu^ distane.e ladwtum tlie two 
glass plates. At those points d^, (‘t(!. at whicJi th(‘, distance 



betwetm th<‘ I. wo glass {dates is | wav(i Icaigth, or etc., the 
two (ajinjamtmf, beams of a would dither by f, etc. wave 
Icngtlis, and (lius would blot (;ach other out, {)rotlucing darkness, 
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while at those points where the distance between the glass plates 
is I, 1, 1|, etc. wave lengths, and the two component beams a 
thus differ in phase by a full wave or a multiple thereof, they 
would add. If, therefore, light is a wave motion, such a structure 
would show the contact point C of the plates surrounded by 
alternate dark rings, d, and bright rings, y. This is actually the 
case, and therefore this phenomenon, called “interference” 
proves hght to be a wave motion, and has lead to the universal 
acceptance of the Eulerian theory. 

Measuring the curvature of the plate B, ' and the diameter 
of the dark rings d, the distance between the plates B and A at 
the dark rings d, can be calculated and as this distance is one- 
quarter wave length, or an odd multiple thereof, the wave 
length can be determined therefrom. 

The wave length of light can be measured with extremely high 
accuracy and has been proposed as the absolute standard of 
length, instead of the meter, which was intended to be 10~^ of 
the quadrant of the earth. 

4. It is found, however, that the different colors of light have 
different wave lengths; red light has the greatest wave length, 
and then in the following order: red, orange, yellow, green, blue, 
indigo, violet, the wave length decreases, violet light having the 
shortest wave length. 

If in experiment (Fig. 4) instead of uniform light (monochro- 
matic light), ordinary white light is used, which is a mixture of 
all colors, the dark and bright rings of the different colors appear 
at different distances from each other, those of the violet near- 
est and those of the red the furthest apart, and so superimpose 
upon each other, and instead of alternately black and light rings, 
colored rings appear, so-called interference rings. Wherever a 
thin film of air or anything else of unequal thickness is inter- 
posed between two other materials, such interference colors thus 
appear. They show, for instance, between sheets of mica, etc. 
The colors of soap bubbles are thus produced. 

The production of such colors by the interference of rays of 
light differing from each other by a fractional wave length is 
called iridescence. 

Iridescent colors, for instance, are those of mother-of-pearl, 
of opal, of many butterflies, etc. 

Light, therefore, is a wave motion. 


NATURE AND DIFFERENT FORMS OF RADIATION. 7 


Th(^ frequency of radiation follows from the velocity of light, 
and the wave lengtli. 

The avt!rag(^ wave haigth of visible radiation, or light, is about 
4, “ ()0 mic.roc.entinu'ters,* that is, (K) X 10““ cm. (or about 
I'oro'O since th(‘. spec'd is S -= 3 X 10^“ cm. the frequency 

jS 

is / - r- 500 X 10^'“, or 500 inillions of millions of cycles per 

ni) 

second, that is, iuc-oiuu'ivably high companxl with the frequencies 
with whicli w{‘ an* familiar in alternating (uirrents. 

If, as proven, light is a wave motion, thcu'o must be some thing 
whicli is moving, a iiK'dium, and from the nature of tlie wave 
motion, its (‘xtrcnu'ly high velocity, follow tlie |)ropertics of this 
medium: it has an extri'indy high (dasticity and extremely low 
(Uaisity, and it must {X'uetral.e all substances since no vacAium can 
be produced for this nuulium, Ix'C’.ause light iiasses through any 
vacuum. Ih'iuu* it c.amiot be any known gas, but must be essen- 
tially different, and has bcsen called the “ether.” 

Whethf'r tlie dlier is a form of matter or not deiiends upon 
the (hlinition of matter. If mattm* is delin(‘d as the (hypotlidl- 
cid) carrier of eru'rgy (and all the information we have of matter 
is that, it is tlu^ seat, of energy), then tlie etluu' is mattcu’, as it. is a 
carrifu* of energy: tln^ eiuu’gy of radiation, during the time be- 
tween the momt'ut. wh(*n the wave. l<‘av(^s the radiat.or and the 
moment wlien it strikes a liody and is absorbed, resid(!s in the 
e.tlu'r. 

5. If liglit is a wave motion or vilmit.ion, it may lx*, a longitudi- 
nal vibration, or a transversal viliration. Either tin'. pa.rt.i(l('s of 
the medium whidi tnuismit. Ilu^ vibrations may move, in the. 
diredlon in whidi tlx^ wave t.ravds, as is the case with sound 
waves in air. If in Mg. 5 sound waves travel from the bell B in 
thedinxitlon /hi , the air molec.ules wwiliratc^ in the same direc.tion, 
d. to B. ( )r t lie viliratlon ma.y Ix'' transversal ; that is, if the beam 

* A.s nu'asun'H of ili<> l(>ngi.h of lid't, n. mnnhorof mofrin uniis liavo 
Bvirvivctl him! un* lialit' to Icioi l.o coiifusioii: 

The micron, Ucnotcd by (*t|ual to one. ihoua'UuK.li of a millimoUir. 

'FIk* (Mjiiui to otK^ niillit)nth of a millimeter. 

Tli<> AM/j;.slrom unit, e(m:il to one t(Mi-millionth of a millimeter. 

A.s ,se(‘n, the li.a.si.s of tliew! unitH is the* millimeter, which was temporarily 
used as a slandard unit of hm^th Indore the eHtahllshmeirt of the prc.simt 
ah.sohit(i syslmn of units, tlie (C.tlS), which i.s based on centimeter lenKih, 
Krarn mass, and seentid time measun?. 

.A, radiat ion of t he wav(> length of (H) mierocentimctcra thus can he expres.scd 
also as: tiOOt) .Angstrom units, or 0.0 /«, or 000 /t/.4. 
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of light moves in Fig. 6 perpendicularly to the plane of the paper 
the vibrating particles move in any one of the directions oa, oh 
etc. in the plane of the paper, and thus perpendicular to the ray 



B 


Fig. 6. 

of light. In the former case (a longitudinal vibration, as sound) 
there obviously can be no difference between the directions at 
right angles to the motion of the wave. In a transversal vibra- 
tion, however, the particles may move either irregularly in any 
of the infinite number of directions at right angles to the ray 
(Fig. 6} and thus no difference exists in the different directions 
perpendicular to the beam, or they may vibrate in one direction 
only, as the direction hoa (Fig. 7). In the latter case, the wave is 

called “polarized” and has differ- 
ent characteristics in three direc- 
tions at right angles to each other : 
one direction is the direction of 
propagation, or of wave travel; the 
second is the direction of vibration; 
and the third is the direction per- 
pendicular to progression and to vibration. For instance, the 
electric field of a conductor carrying alternating current is a 
polarized wave : the direction parallel to the conductor is the 
direction of energy flow; the direction concentric to the con- 
ductor is the direction of the electromagnetic component, and 
the direction radial to the conductor is the direction of the 
electrostatic component of the electric field. 

Therefore, if light rays can be polarized, that is, made to ex- 
hibit different properties in two directions at right angles to each 
other and to the direction of wave travel, this would prove the 
light wave to be a transversal vibration. This is actually the case. 
For instance, if a beam of light is reflected a number of times 
under a fairly sharp angle, as shown in Fig. 8, this beam becomes 
polarized; that is, for instance, the reflection from the mirror 
set like the mirrors m^, . which produced the polarization. 



Pig. 6. 
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is greator, and tha al:)S()r{)t i()n less than from a mirror set at right 
angles thco't^to, as n\/. 

Bonita e.rystals, as Ludand spar (calcium carbonate), show 
“double ndrac-lion,” that is, dissolve a beam of light, a, enter- 
ing them, into two separate beams, h and c (Fig. 9) which are 
polariz/cd at right angU's to c'ac.h other. 

In a sec.ond c,rystal, Ad, Vx'am b would then enter as a single 
Ix'am, und(U’ tlie satiu^ anglt', as in th(‘, first crystal K^, if were 
in th(^ sanu^ |)osit ion as AY; whih; if were turiKid at right angles 
to AY beam h would (*nter /C^ under the same angle as beam c in 
crystal AY 

(3. As stuai, light, and radial, ion in gcuieral are transversal wave 



motions of very high speed, A hi X 1()‘" cm. per seae in a hypo- 
thetical mi'diuni, ether, which must be assunu^d to till all space 
and pt'uetrale all substances. 

liadialien is visible, as light., in a luirrow ra,ngt5 of fr(H|uen(;ies 
only: b(‘tW('en -100 X 1(1'“ and 770 X H)'" (^ycdes per sec, cor- 
responding to wave lengths from 70 X 10 cni. to 39 X It) " cm.* 
All other radiati(ms are invisihhv and thus have to bo observed by 
other means. 

I have, here a pair of rods ot c.ast, silic.on (10 in. long, 0.22 in. in 
dianiet(‘r, having a r(‘sis1ance of about 10 ohms each), connected 


* 'riM* viHihili».v..f ru.iiHlin.nMarcalcsi hfawccn tlic wave IcnKtliH 50^^ 
to (U) X 10 ^ aii'i i^ootl hot worn t lio \vav(^ 4 \ X 10 to 7() X 10 > 

hut (>xt(*n.l.s iiu.H' iu.liHtitu-tly over th*' h wu-o 'cjafwhn-r 

X U)""" to 77 X nV' uiut faintly evaai u.s far uh 30 X 10 to 100 X 10 . 
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in series with each other and with a rheostat of about 40 ohms 
resistance in a 120-volt circuit. When I establish a current 
' through the rods, electric energy is converted into heat by the 
resistance of the rods. This heat energy is converted into and 
sent out as radiation, with the exception of the part carried off 
by heat conduction and convection. Reducing the resistance I 
increase the heat, and thereby the radiation from the silicon rods. 
Still nothing is visible even in the dark; these radiations are of 
too low frequency, or great wave length, to be visible. By hold- 
ing jny hand near the rods, I can feel the energy as heat, and show 
it to you by bringing the rods near to this Crookes’ radiometer. 




which is an instrument showing the energy of radiation. It con- 
sists (Fig. 10) of four aluminum vanes, mounted in a moderately 
high vacuum so that they can move very easily. One side of each 
vane is polished, the other blackened. The waves of radiation 
are reflected on the polished side of the vane; on the blackened 
side they are absorbed, produce heat, thus raise the temperature of 
the air near the vane ; the air expands and pushes the vanes ahead, 
that is, rotates the wheel. As you see, when I bring the heated 
rods near the radiometer, the wheel spins around at a rapid rate 
by the radiation from the rods, which to the eye are invisible. 
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Incims’mg Htill further the cuiergy input into the silicon rods, and 
thereby their t<!nip(Tiiture, the interiHity of radiation iiusrcascs, 
but at the saitu* time radiatiouH of hightu’ and higher fre(iucncies 
ai)pear, and ultimately tiht' rods beciome visible in the dark, 
giving a dark red light; that is, of all the riidiations sent out by 
the rods, a small pari is of sufheiently high fretiucney to bo visible. 
Still furtlua’ incn'asing tlu; ttanpera- 
turc, tht! total radiation imsreases, 
but tlu! wavt's of high frtu]iu*n(iy in- 
e.rease mori! ra|)idly tliau those of 
lower freqvunuvy; (hat is, thoavtwage 
fre(iuen<!y of nidiation incrotuses ttr 
the av(*ragt‘ wavt‘ length d(K*.reast‘s 
and higluT and higher fnaiuenehss 
api)eaiv— orang(‘ rays, yellow, gnsai, 
blue, violet, and tlu', color of the 
liglit thus gradually changes to 
liright red, onmge, yellow. Now I 

change over from the silie.on rods- - 

wliicli are near (In* maximum bnu- 
lieratuu*. they can stand ■ to a iting- 
sten lamp (a Itl-watt llO-voll. lamp, 
conn(‘ct(*d in series with a rlieostat 
of 2()()() (thins resistance in a 2K)- 
volt circuit). For eonipaiison I also 
turn on an ordinary Ih ta ji. carbon 
lilament ineaiulescnnt la.mp, running 
at normal voltage and giving its 
usual yellow light:, (dradually trirn- 
ing out the nsdsiainte, the light of 
tin* tungsten lamp changes from 
orange to yellnw, yellowish white 
and ultimately, witli all tlie resistanc.e cuti out and the (ihi” 
ment running at more than double volte, g(', is })ra,ctlcally white; 
that is, gives a radiation containing all the frcfiui'iicies of visi- 
ble light in nearly (he same proportion as exist in sunlight.. If 
we slaadd go still further a,nd very greatly increasi* the t.em- 
perature, lieca,usc of the morf* ra,pid increasi^ of tln^ higher i’re- 
(jucncies I violet, l)hie, green) limn the lowi'i* freiiuencies of light, 
(red, orange a,nd yellow) with incri‘ase in temperat-urc*, the light 
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should become bluish. However, we are close to the limit of 
temperature which even tungsten can stand, and to show you 
light of high frequency or short wave length I use a different 
apparatus in which a more direct conversion of electric energy 
into radiation takes place, --the mercury arc lamp. Here the 
light is bluish green, containing only the highest frequencies 
of visible radiation, violet, blue and green, but practically none 
of the lower frequencies of visible radiation, red or orange. 



In the tungsten lamp at high brilliancy and more still in the 
mercury arc, radiations of higher frequencies appear, that is, 
shorter wave lengths than visible light, and these radiations are 
again invisible. As they are of frequencies beyond the violet 
rays of light, they are called “ultra-violet rays,” while the radia- 
tions which we produced from the heated silicon rods at moderate 
temperatures were invisible because of too low frequency and 
are thus called “ultra-red rays,” or “infra-red rays,” as they are 
outside of and below the red end of the range of visible radiation. 

To produce powerful ultra-violet rays, I use a condenser dis- 
charge between iron terminals, a so-called ultra-violet arc lamp. 
Three iron spheres, I in Fig. 11, of about f in. diameter, are 
mounted on an insulator B. The middle sphere is fixed, the 
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outer ones adjustable and set for about in. gap. This lamp is 
coniuictcd across a high voltage 0.2-mf. mica condenser C, which 
is conn(,‘(‘,t(.*d to tlie high voltage terminal of a small step-up trans- 
former giving about 15,000 volts (200 watts, 110 13,200 

volts). The low tension side of the transformer is connected to 
the 240-V()lt OO-cyole circuit through a rheostat R to limit the 
current. The transformer charges the condenser, and when the 
voltag(i of the cjondenser has risen sufficiently high it discharges 
through the spark gaps I by an oscillation of high frequency 
(about 500, OOO cycles), then charges again from the transformer, 
discharges tlirougli the gap, etc. As several such condenser dis- 
c, barges o(U'.ur during each half wave of alternating supply voltage 
tlu', light givim by the discharge appears continuous. 

You s('e., however, that this iron arc gives apparently very little 
light.; most of tlie radiation is ultra-violet, that is, invisible to the 
(*y(’. To make it visible, we use what may be called a frequency 
c, on verier of radiation. I have here a lump of willemite (native 
xinc. silieatcO, a dull greenish gray looking stone. I put it under 
iln^ iron are. and it flashes up in a bright green glare by eonvert- 
iiig t.h('. higlHU’ frequency of ultra-violet rays into the lower 
frecjueiic.y of greuvn light. This green light is not given by the 
iron arc-, as a pitsce of white paper held under the arc shows only 
1h(‘ faint illumination given by the small amount of visible radia- 
lion. 1 now move a thin sheet of glass, or of mica, between the 
iron arc. and the. lump of willemite, and you see the green light 
disajvpt'ar as far as the glass casts a shadow. Thus glass or mica, 
whili^ Iranspanuit to visible light, is opaque for the ultra-violet 
light, of the iron arc. A thick piece of crystallized gypsum (sel- 
enite) put in the path of the ultra-violet light does not stop it, 
hence is t ransparent, as the lump of willemite continues to show 
die green light,, ()r a piece of cast glass its blue light. 

I have hen^ some pieces of willemite in a glass test tube. They 
a.])pear dull and colorless in the ultra-violet light, as the glass is 
(,pa.( iu(‘ f( tr this light. I shift them over into a test tube of fused 
q\iart z, and y< )U see them shine in the green glare. Quartz is trans- 
])arent.' t,o id t.ra, -violet light. When investigating ultra-violet 
liglii, quart z huiscs and prisms must, therefore, be used. 

"still higlier frequencies of ultra-violet light than those given 
])y a, condenser discharge between iron terminals are produced by 
a' low temiierature mercury arc. Obviously this arc must not be 
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operated in a glass tube but in a quartz tube, as glass is opaque 
for these rays. . 

These ultra-violet radiations carry us up to frequencies of about 
3000 X 10^^ cycles per sec., or to wave lengths of about 10 X 10~® 
cm. Then, however, follows a wide gap, between the highest 
frequencies of ultra-violet radiation and the frequencies of X-rays 
In this gap, radiations of very interesting properties may some- 
times be found. 

At the extreme end of the scale we find the X-rays and the 
radiations of radio-active substances — if indeed these radiations 
are wave motions, which has been questioned. Since at these 
extremely high frequencies reflection and refraction cease, but 
irregular dispersion occurs, the usual methods of measuring wave 
lengths and frequencies fail. The X-rays apparently cover quite 
a range of frequency and by using the atoms of a crystal as dif- 
fraction grating, their average wave length has been measured as 
0.1 X 10“® cm., giving a frequency of 0.3 X 10^® cycles per sec. 

In comparing vibrations of greatly differing frequencies, the 
most convenient measure is the octave, that is, the frequency scale 
of acoustics. One octave represents a doubling of the frequency ; 
n octaves higher then means a frequency 2^ times as high, n 
octaves lower, a frequency (^)” as high. By this scale all the inter- 
vals are of the same character; one octave means the same 
relative increase, which ever may be the absolute frequency or 
wave length. 

As the perceptions of our senses vary in proportion to the per- 
centual change of the physical quantity causing the perception 
(Fechner’s law), in the acoustic or logarithmic scale the steps are 
thus proportional to the change of sensual perception caused by 
them. 

The visible radiation covers somewhat less than one octave; 
ultra-violet radiations have been observed beyond this for about 
two more octaves. Nine octaves higher is the estimated frequency 
of X-rays. 

On the other side of the visible range, towards lower frequencies 
or longer waves, ultra-red rays, observations have been extended 
over more than eight octaves up to wave lengths as great as 0.03 
cm. length, or frequencies of only 10^^ cycles per sec. The ultra- 
red rays given by the heated silicon rods of our experiment do not 
extend to such low frequencies, but such very low frequencies 
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have been observed in the radiations of bodies of very low tem- 
perature, as liquid air, or in the moon’s rays. 

7. Very imuih long(;r waves, however, are the electric waves. 
They are used in wireless telegraphy, etc. I here connect (Fig. 12) 



VI. 


tlu^ condenser C of tlu^ a})paral.us which I ustul for op(n-ating tlio 
ultra-violet are., In a spark gap fq, of whie.li th(^ oiui sidci is e, on- 
nee, ted to groiiiKl tlu^ other sid(^ to a vcu’tical aluminum rod A^, 
about H h'e.t long. The duirge and disduirge, of the, aluminum 
rod d, l)y the oscillating e,ond(ms('r e.urr(ad., send out an ('l(!ctric 
wav(^ of al)out 50 feet length. This wav(' pass(!s through you, and 
wIk'ii striking the aluminum rod ba<'.k of you, induces therein 
an el(‘(!trie, (charge. /!., is separated from ground by a narrow 
spark gap (I, betwecm gnipl'if^' t(‘rminals, and the, arrival of the 
ele(h.rie, wave at. d., e.aUHC'S a small spfirk to junq) acuoss tlu‘, gap 
(i.„ which dos(^s tiu', circuit of th(‘. tungsten lamp L, thereby 
lighting it as long as the wave train continues. 
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The electric waves used in wireless telegraphy range in wave 
lengths from 100 feet or less to 10,000 feet or more, corresponding 
to 10^ to 10® cycles per sec. or less. 

Still very much longer waves are the fields of alternating cur- 
rent circuits : the magnetic and electrostatic field of an alterna- 
ting current progresses as a wave of radiation from the conductor.. 
But as the wave lengtli is very great, due to the low frequency, — 

3 X lO’^® 

a 60-cycle alternating current gives a wave length of — = 

60 

500 X 10® cm. or 3100 miles — the distance to which the field of 
the circuit extends is an insignificant fraction only of the wave 
length, and the wave propagation of the field thus is usually not 
considered. 

Electric waves of higher frequencies than used in wireless • 
telegraphy are the Herzian waves, produced by electric oscilla- 
tors, that is, a moderately long straight conductor cut in the 
middle by a gap and terminated by spherical condensers, as 
shown in Fig. 13. On these waves the velocity of propagation 



Fig. 13. 


has been measured by Heuz by producing standing waves by 
combination of main wave and reflected wave. 

Still mucli higher frequ(iiu;ies are tlie oscillations between the 
cylind(!rs of multi-gap lightning arn'stcu’s, and the limit of fre- 
quency of (le(!tric, waves would i)rol)al)ly be given by the oscilla- 
ting discharge of two small sphercjs against each other when 
separated by a narrow gap. It prol)al)iy is at about 5 X 10“ 
c.ycles, or ().() c.m. wav(j huigth. 

The l)]ank space between the sliortest electric wave and the 
long('st iiltra-nul light wave thus has become fairly narrow — 
from 0.6 to 0.03 cm,, or only about four octaves. 

8. In the follcnving tables, the different known forms of radia- 
tion arc arranged by their frcMiiicuicy and wave length, and are 
given also in octaves, choosing as zero point the middle c of the 
piano, or a frequency of 12S cycles per sec. 
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SPECTRUM OF RADIATION. 


K<sro jioiiit (ihoHon at 128 oyoles jwr Bocond. 
Spocil of nuliatioii H =- XIO") cm. 


AlUsniaUiig curreut 
iiuld : 


Iligli fri'niieiujy cur- ' 
rents, Hurges and 
oscillivtiouH, arcing - 
grounds, lightning 
pluvuomena, etc. 

WiiHslcss telegraph j 
waves : I 

Ilcrzian waves; | 

Limit of (slectric waves : 

First gap •, 

Ultra-red rays : j 

Visible light rays : -j 

Ultra-violet rays; | 

St'coud gap: 

X-rays (estiiuated) : 

Hound lUaiicfl ; 

Lowest audilih*. Kimud ; 

lligliest audilile, sound ; 


CyeUm. 

Wave Longtli in Air 
(or Vacuum). 

Octavo; oSv2. 

15 

20,000 km. != 12,500 mi. 

-.3,09 



25 

12,000 km. = 7,500 mi. 

-2.d(i 

- 8.15 


(it) 

5,000 km. 8, 100 mi. 

-1.09 



Uid 

2,250 km. = 1,400 mi. 

-1-0.00 J 

(9.67) 

d31.64 

1()« 

8 km. -10, 000 ffc. 

9.6,3 \ 

■ 6.62 


]()’ 

do m. » 100 fb. 

16.25 1 


10' 

l.dO m. » 100 fb. 

16.25 1 

1 


10“ ' 

do cm. « 1 fb. 

22.00 

■ 12., 3 


5X10“’ 

O.Oom. »■ 0.26 in. 

28.55 3 

1 J 




[4.26] 


10'“ 

.80,0(10 x10'"'“.vM).0d 0111. 

d2 HO i 

1 8.68 



70 X 10 " cm. 

41.48 ' 


4X10'^ 

7.7x10''* 

70x lO™" cm. 
liO;.-', 10 *’ cm. 

41.48 

42.45 

j- 0.97 

■ 11.0 

7.7 X 10''* 

dil./lO-'’ cm. 

42.45 

j. 1,05 


!iox n»‘* 

10 V. 10 " cm, 

44.40 




51.4 

[7.0] 


iO.JiX 10"* 

0.1 X lo™'’ cm. 




Tubal : 

57.7 (KSbaves 


15 

0(i fb. in air 

d.i 



KKMIO 

.75 in. in air 

1-7.0 




'I’ubal : 

10.1 uebavos 



Th(‘sc: nuliaiiuiiH nre: plotted | 2 ;niplutially in Idg. 14, with the 
octave as alfseissii!. 

As seen, the fnlal range of frtuiueneies of radiation is enormous, 
covetring iK'arly dO octaves, while the ranges of sound waves is 
only aliout nine octaves, from 15 to .SOOO cycles. 

Tlu're are two ])lank spa,ct‘s in the rang(^ of radiation, one be- 
twe(>n ('lectrie a-tid light waves, and a second and longer one 
lietwcf'n light ajid X-rays. 

It is intfd'c'sling i.o note'. tha,t the range of electric waves is far 
gr(‘ai(>r than that of light wavt's. 

Only a vc'ry narrow range of radiation, less than one octave out 
of a t()tal of V)(). is visible. It is shown shaded in Fig. 14. This 
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exhibits the great difficulty of the problem of efficient light pro 
duction: it means producing as large a part of the total radiation 
as possible within this very narrow range of visibility. 

Regarding the range of frequencies covered by it, the eye thus 
is much less sensitive than the ear, which hears over’ ten octaves 
as sound waves. 

While the visible radiations are the most important ones as 
light, the total range of radiation is of interest to the electrical 
engineer. 

The ultra-red rays are those radiations which we try to avoid 
as far as possible when producing light, as they consume power 



SOUND WAVES 


Fig, 14. 

and so lower the efficiency; the ultra-violet rays are of importance 
in medicine as germ killers. They are more or less destructive 
to life, appear together with the visible radiation, and where they 
are of appreciable amount, as in the arc, protection against them 
becomes desirable. The X-rays have become of importance in 
medicine, etc., as they penetrate otherwise opaque bodies and thus 
allow seeing things inside of other bodies. 

The total range of electric waves, between the frequencies of 
alternating currents and the limits of electric waves, has been of 
importance to the electrical engineer as harmful and destructive 
phenomena in electric circuits, which are to be guarded against, 
and only in recent years, with the development of wireless 
telegraphy, some such electric waves have found a useful com- 
mercial application. The main object of their study — which is 
the study of transient electric phenomena, is still, however, to 
guard against their appearance in electric circuits and discharge 
them harmlessly when they appear. 

Considering the great difference which already exists between 
alternating currents of low frequency, 25 or 15 cycles, and of high 
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frequency, 133 cycles, and realizing that the total range of waves, 
which may appear in electric circuits, is many hundred times 
greater than the difference between high and low frequency alter- 
nating currents, it can be realized that the differences in the 
character of electric waves are enormous between the low frequency 
surges of near machine frequency and the high frequency oscilla- 
tions of a multi-gap lightning arrester, near the upper limits of 
electric wave frequencies, and the problem of protecting circuits 
against them thus is vastly more difficult than appears at first 
sight and the conclusions drawn from experimental investigations 
of elec, trie waves may be very misleading when applied to waves 
many 0 (!tav(;s different from those used in the experiment. This 
explains the apparently contradictory evidence of many experi- 
mental investigations on the protection of electric circuits. 


' lecture II. 

RELATION OF BODIES TO RADIATION. 

9. For convenience, the total range of known radiations can 
be divided into two classes, the electric waves, and the light waves, 
which are separated from each other by the blank space in the 
middle of the spectrum of radiation (Fig. 14). Under light 
waves we here include also the invisible ultra-red radiation and 
the ultra-violet radiation and the non-refrangible radiations, as 
X-rays, etc., separated from the latter by the second blank 
space of the radiation spectrum. 

In the following, mainly the light waves, that is, the second or 
high frequency range of radiation, will be discussed. The elec- 
tric waves are usually of importance only in their relation to the 
radiator or oscillator which produces them, or to the receiver on 
which they impinge, and thus are treated in connection with the 
radiator or receiver, that is, the electric conductor, in the theory 
of transient electric phenomena and oscillations.* 

The radiation may be of a single frequency, that is, a single 
wave; or a mixture of different frequencies, that is, a mixture 
of different and frequently of an infinite number of waves. 

Electric radiation usually is of a single frequency, that is, of the 
frequency or wave length determined by the constants of the 
electric circuit which produces the radiation, mainly the induct- 
ance L and the capacity C. They may, however, have different 
wave shapes, that is, comprise, in addition to the fundamental 
wave, higher harmonics or multiples thereof, just as the sound 
Waves which represent the same tone with different musical 
instruments are of the same frequency but of different wave 
shapes, that is, contain different higher harmonics. 

Light radiations usually are a mixture of a number of waves of 
different frequencies, and very commonly a mixture of an infinite 
number of frequencies, as is, for instance, the case with the 

* “Theory and Calculation of Transient Electric Phenomena and Oscilla- 
tions. ” 
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radiation of an incandescent body as a lamp filament, which 
contains all the frequencies from long ultra-red waves over 
visible light waves to ultra-violet waves. 

In the action of vibrations on our senses there is a characteristic 
difference between the perception of sound waves by the ear and 
that of light waves by the eye: the ear is analytic, that is, can 
separate the individual waves in a mixture of different sound 
waves, as an accord on the piano, and distinguish the individual 
components of the mixed sound which reaches the ear. Thus 
we can hear and distinguish an individual voice amongst a mass 
of other noises. The eye, however, perceives only the resultant 
of all the visible radiations which reach it, but cannot separate 
their components, and very different mixtures of radiations thus 
make the same impression upon the eye: thus, for instance, 
numerous mixtures of blue and yellow light appear alike to the 
eye and the same as green light, that is, appear green, while 
I)hysically, it is (devious that mixtures of blue and yellow light 
ar(i essentially different from green light. 

It is inter(\sting to imaginci how nature would look to us if the 
eye were analytic,, tliat is, (iould separate the different component 
radiations, and if it could perc.tuvo waves over as great a range of 
frequency as tluj ear, al)oiit ten octaves instead of less tlian one 
ocitavc as is now the case. The information given to us by the 
scinse of siglit would be infinitely increased, and we would see 
many dil’fcniiHUis and changes which now esca|>e us. 

10, How(W(;r, while th(i eye (Uinnot distinguish tlic different 
cornimmmt radiations but sees only their resultant, the s|)ecilic 
eflects of th(i component radiations, as the physiologi(ially harm- 
ful action of an ultra-violet component of liglit, still ixmiain, even 
if tlie ('yc! does not see the components, and in the study of radia- 
tion for tlu; purpose of its (ingineoring use for illumination it is 
thensfore mi(!(vssary to analyze; tin; mix(;d radiation given by a 
source as a lamp, l)y resolving it into its component waves. 

This is doru; l:)y using some f(;ature of the radiation which 
vari(;s with the frequency. Sucli is the case with the velocity of 
l)roi)agat,ion. 

Tlic velocity of light in <!mpty si:)ace is 3 X 10^” cm. per sec. 
It is ])rac,tically the; same; in air and other gascis. In denser 
bodies, how(iV{;r, as water, glass, (',tc., the velocity of light is less 
and, as will be seen, is different for different frequencies. 
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Assume then, in Fig. 15, a beam of light B striking under an 
angle the boundary between two media, as air A and water Tf 
the vibration of the ether particles in the beam of light is at right 
angles to the direction of propagation BC, and successively the 
waves thus reach a^ hg • • • however, as the back 

edge of the beam reaches the boundary at D its speed changes 



by entering the medium W — decreases in the present instance. 
Let then = speed of propagation in medium A, = speed of 
propagation in medium W. Then, while the center of the beam 
moves the distance EC, the back edge, in the denser medium, 

S 

moves only the distance DI = -^EC, and the wave front of the 

back half of the beam thus changes to Cl while that of the front 
half of the beam, which is still in the medium A, remains GC. 
Then, while the front edge of the beam moves from G to H, the 
center and the whole back half of the beam moves in the denser 

medium W, only the distance CK = ~ GH, and the wave front 

of the beam, in the medium W, now is HL. That is, due to the 
difference in velocity in the two media A and W, the wave front 
of the beam, and thereby its direction of propagation, is changed 
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when traversing the boundary between the two media, and the 
beam BC continues its motion in the direction CM. 

Let then = angle of incidence, that is, the angle between 
tlie incident beam BC and the perpendicular CN on the boundary, 
and = angle of refraction, that is, the angle between the out- 
going or refracted beam CM and the perpendicular CP on the 
boundary. It is then : 


hence, 


FDH = and LHI) - J 
FH - DH sin u', and DL = DH sin (1) 


The front edge of tlui beam movcis the distance FH in medium 
A, while the bac-k edge moves the distance DL in medium W; 
that is, 

FH -r DL - S, 8,; (2) 


lienee, substituting (1) into (2), giviis: 


sin _ 

sin u'g 8.^ ’ 


(3) 


That is, the ratio of tlic! siiuis of tlui angle of incidtmee and the 
angle of rdraction ('(pials tlu^ ratio of tlie sjau^d of projiagation 
in the two iiKulia, heuc-e tlu^ ratio of tlui siiKis of these; two angles 
is constant, Iliis is tlu; Itm of refreuiion, and this ratio of sines 
is calk'd tlui relhiHlva imbx Ix'.twiHiu t.lie two media A and W. As 
tlu! rvjmdive index of one nHulium Ih, tluai, is understood its re- 
fractive index against (nnpty space or against air: 


sin c' 8 

sin (I’j aS'^ ’ 


(4) 


wlune 8 is the velocity of light in (supty space; - 3 X 10'”, and 
aS\ tlu; v(;lo(;ity in the nu'dium, of whi(;h is callc;d the refractive 
ind(;x. 

From (sinat ion (4) it. follow\s, that, if is the refractive index 
l){;twe(;n m(;dium 1 and m(;dium 2, the r(;fractive index 
l)etw{;enm('dium2and medium — refractive 

ind{;x of m(;dium 1 and m(;dium 3; that is, the refra(;tive index 
b(;twe(;n any two media is <k'riv(;d as tiie ratio of tlieir refractive 
indices against a third medium, as, for instance, against air. 
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11. Incidentally, it is interesting to consider the corresponding 
relations in electric waves. 

. In an electric circuit, the speed of propagation of an electric 
wave is, when neglecting the energy losses in and by the con- 
ductor: 



( 5 ) 


where L is the inductance, C the capacity of the conductor per 
unit length (the length measured in the same measure as the 
speed S). 

The inductance L is proportional to the permeability n, and 
the capacity C proportional to the dielectric constant, or specific 
capacity k of the medium surrounding the conductor, that is, the 
medium through which the electric wave propagates; that is. 




A^ PLK 



where A is a proportionality constant. 

The ratio of the speed of propagation of an electric wave in two 
media I and 2 thus is : 


-S, 



for empty space, = 1 and a: = 1 ; 
hence. 


( 7 ) 


( 8 ) 


where is the speed of propagation in the medium of constants 
and /Cj. 

Comparing equation (8) with (4) it follows ; 

(9) 

that is, the square of the refractive index d equals the product of 
permeability p. and dielectric constant k. 

Since for most media the permeability // = 1, for all except 
the magnetic materials 

( 10 ) 


K = 
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This relation between the constant of the electric circuit k and 
tliG' constant of optics d was one of the first evidences of the 
identity of the medium in which the electric field exists with 
the medium which carries the light waves. It is, however, only 
approximately correct, as the refractive index d varies with the 
frequency and is derived for the extremely high frequencies of 
light radiation, while /c reders to stationary conditions. A better 
agreement is thus reacluid wlum using as d the refractive index 
extrapolated for infinite wave lengths. 

12. It is found that the different component frequencies of a 
beam of radiation are defle.cted differently whem passing from one 
medium into anothc;r, and the higlicr freciuencies are deflected 


A 



more than tin; lower fre([U(;tici('S, tliiis showing that the vehnuty 
of propagation de<‘.r(;ases with an in(‘.r(;as(; ot Inupuauiy, that is, 
a d(;c.reas{; of wjivc; Itmglh. 

This giv(;s a means of resolving !i, mixnd radiation into its eom- 
pon(;nt waves, that is, into a i^pvrlmui, by r(;lra(;tion. 

A narrow iK'iun of light />’ (hig. Ifi) is passcul through a prism P 
of transi)arent malarial, and the c.onipomuit fr(;c|U(vnci(iS then 
app(;ar on the screen A (or aia; s(‘('n by tin; ey{;) side by side, the 
md R Ixdow, tin; vioh't. V aboV(;, in I’ig. Ifi, n,nd tin; ginen A 
in tin; middh'. 

It is ol wious Unit tin; mataihd of tin; prism must lx; transparent 
to the radiation; thus, wln;n studying ultra-viol(;t radial-ion, to 
which glass is opaqin;, glass prisms cannot lx; used, but sonn; 
mat-eria,l transpaivnt to ultra-viol(;t liglit such as a (juartii or 
fluorite prism must be list'd. 
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The beam of light also can be resolved into its components by 
a diffraction grating, in which case the lower frequencies are 
deflected more than the higher frequencies; that is, the red more 
than the violet. 

These two forms, the refracting spectroscope and the diffract- 
ing spectroscope, now enable us to resolve a beam of mixed radia- 
tion into its components and thus study its spectrum. 

13. I show you here a number of typical spectra: 

(1). The spectra of an incandescent lamp and an alcohol 
lamp with Welsbach mantel. These are continuous spectra, that 
is, show all the radiations from red over orange, yellow, green, 
blue, indigo to violet, uniformly shading into each other. 

(2a). The spectrum of the mercury lamp. This is a line 
spectrum, that is, shows only a finite number of bright lines on 
black background. It contains five bright lines ; greenish yellow, 
bright green, indigo and two violet, one faint dark green line, and 





m 
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Fig. 17. 


a number of very faint red and orange lines, of which three are 
indicated dotted in Fig. 17. 

(26). The spectrum of an arc between titanium carbide elec- 
trodes. This also is a line spectrum, but unlike the mercury 
spectrum, which has only six bright lines, the titanium spectrum 
contains many thousands of bright lines, so that with the low 
power of the spectroscope which you have, the lines blurr into 
each other and we see only the most prominent or brightest lines 
on a uniformly luminous background, which latter requires a 
more powerful spectroscope to resolve into lines. 

(3) . The hand spectrum. This shows a number of bright bands, 
frequently gradually fading out at their edge and separated by 
dark spaces. It thus differs from the continuous spectrum (1) in 
being discontinuous, that is, missing certain ranges of frequency, 
and differs from the line spectrum (2) in that the band spectrum 
has a number or range of frequencies in each band, where the line 
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spectrum has only one single frequency in each line. Such 
band spectra arc usually characteristic of luminescent compounds 
or of gases and V{ii)ors at high pressure, while elementary gases 
or vapors give line si)ectra. Absorption and fluorescence also 
give band spectra, and I thus sliowyoiia band spectrum by opera- 
ting a nuu’CAiry lanq.) in a tube of uranium glass, behind a trans- 
parent screen colored by rhodamino (an aniline dye which 
fluoresces red). As you see, the st)e(itruni shows a broad red 
band, due to tlu^ rculdish scireen, and a grcsenisli yellow band due 
to the uranium glass, while the normal mercury lines are de- 
creas(!d in intensity. 

(4). If you now look with tlui spectros(!oi)e at tlie Wcdsbac-h 
mantd through the mercany arc stixiam, you see the continuous 
sp(U!trum of tlu^ mantd aiul suixuirnposc'd upon it the line spec- 
trum of the mcA’cury lamp. The light giving nKUXiury vai)or tlms 
is transi)arent for th(‘. light of tlie Wtvlsbacli miintel back of it, and 
lets it i)ass through, with the; (Axca'ption of those jaarticaflar fre- 
quenciijs whic.h it #ves itsdf; that is, a luminous gas absorbs 
those fnMjiK'uc.ies of radiation whic.h it ju'oduc.tis, but is trans- 
pan'iit for all otluu’ frecnamc.ies. Tliis is easily iind(a-stood : an 
atom oti which, a vibration imi)ing(!s will Ixi set in motion l)y it 
and thus absorl) the ('iiergy of tin*, iinpinging vibration if it is able 
to vibrates willi tlui fniqunnc.y of the impinging viloralion; that is, 
to lesonale with it, bnt will not lx*. aJhu-.ted by a,ny other fixaivKmc.y 
to whic.h it c.ajmot r('spond,and thus is trans])Jiren t to all fr(H|uen- 
cies of vibration, ('X(uv|)t to those to which it (;an respond; that is, 
whic.h it produc.i's wluai vibrating. 

Wluai looking at a continuous sixHvtrum through a luminous 
gas or vajx)!’, t.wo c,;is(!S thus may oc,(nir : eit.luu’ the s])CM‘.trum liiu'S 
of ih(^ gas are brighter than tluv cont.inuous sj)ectrum, as in the 
}>reseiit c.a,s(i, and then ap[)('ar as bright llinis on a l)righti bacik- 
ground, or tlie continuous s])(X‘.trum is bi’ighter than the lines of 
the gas spi'ctrum in front of it and ihe lin(\s of tlie gas spectrum 
apiK'ar h'ss bright than the ba,ckground, that is, aiipeax as dark 
lines on a bright bai^kground. Such, a s])ectruin is called a 
revarml Hparlriini^ or ahsin'plion Hjiedrtini. It sliows llie lines of 
tlie gas or vapor s])ec.triim,liy contrast, dark on the lirigliter back- 
ground of the (iontinuous spi'ctrum. 

The sun and many fixed stars jiresent such a reversed s]iec.trum: 
the sun’s spectrum sliows the spectrum lines of all tlie elements 
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which are in the sun's atmosphere as dark lines on the continuous 
spectrum given by the inner core of the sun. 

Whether the line spectrum of a gas or vapor is reversed by the 
continuous spectrum of a solid or liquid back of it or not depends 
upon the relative intensity, and thus, to some extent, on the rela- 
tive temperature. Some fixed stars show bright lines on a less 
luminous background, due possibly to a higher temperature and 
greater thickness of their atmosphere, and sometimes bright lines 
and dark lines occur simultaneously, or dark lines may change to 
bright lines at such places at which, by some activity, as a tem- 
perature rise, their brilliancy is greatly increased. 



Combinations of the different types of spectra: continuous 
spectrum, line spectrum, band spectrum, reversed spectrum, 
frequently occur, as we have seen bands and lines together in tlie 
modified mercury spectrum, and in this case, by turning on aia 
incandescent lamp, we can still add a continuous spectrum due 
to the light of the incandescent lamp reflected from the walls of 
the room. So also in the continuous spectrum of incandesceuti 
bodies, bright bands or dark bands occasionally appear, that is, 
regions' in the spectrum of greater or lesser intensity, as will be 
discussed in the paragraphs on colored radiation and selective 
radiation. 
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14. Whoii a of radiation impinges upon a body it is 

resolved into thr(!o parts; one ])art is retleoted, that is, does not 
enter th (5 body iit all, but is thrown back. The second part is 
absorbcul in tlni body, tliat is, conv{u*t(.id into another form of 
energy (wliie.h other form of encn’gy usually is heat, but may be 
oheinittal energy, some other frtMiuenc.y of radiation, etc.) and the 
third part is transmitt(!d, that is, passcis through the body, and 
out of it, if the- Ixiily is not too thick. No body reflects, or 
absorbs, or transmits all tin; ra<li{itionH, Init evenv the most per- 
fectly r(4Uieting body [Lbsorl)S and transmits some radiathni, the 
most tr!Uisi)anmt body reflee.ts and absorbs some radiation, etc. 

ll(;(l(Mfl,i<m may be (dher rt^gular reftavtion, or irregular reflec- 
tion. In th(^ former e-asii (Fig. IS) the Ixiam of light is reflected 
under t-lu; same angle under wliich it imi)inges upon the body, 
and the body thus acts as a mirror, that; is, gives a virtual image 



Fio. lu. 


Itack of it as shown iudotl.('<l line in Fig. IS. In tlu', latter case 
(Fig. ,10) the light is ivflee.lad inugidarly in all <]irections. 

A body which n'llta^is all tlx! fr{^<nie:nci('s of radiation unifoimly, 
that is, in which tlie )).'rc,entage of the impinging radiation, which 
is ri'lleeled, is the. same for all frecfiusH^his of nidiation, is called a 
ce/er/c.v.s /;od//,!ind a bodywhich luflec.ts ahigher i>er(!entag(5 of the 
radialion t)f som(‘. fn'tnitvne.y thaiiol: otluu’ lre.(|uencieH, .is called 
a colored hodif, a.nd ils rnlor is ihe, c.olor of radiation, that is, 
the frequency or fre.qu(mc,i(^s which it lullects more than other 

fret ni( nicies. . , , 

A colorless bodv wliich rthts'-ls all tlm. radiation impinging upon 
it is calltul M ichile hodij. Most lu'arly wlilte bodies are silver, 
magiu'sia, chalk, (‘tc.. A liody which lullccts none of the rJ^diaton 
impinging uiion it, hul- alisorbs all, is called a black body, ihe 
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most nearly black bodies are lampblack, charcoal, etc. A body* 
which reflects a constant part of the impinging radiation, that is 
the same part or percentage for all frequencies, is called a grey 
body, and the ratio of the reflected light to the total impinging 
light is called its whiteness or albedo. A perfectly white body 
thus has albedo 1, a perfectly black body albedo 0, and a body 
which reflects one-quarter and absorbs the other three-quarters 
of the radiation of any wave length impinging upon it, would be 
said to have albedo 0.25. 

Black, white and grey thus are not considered as colors in 
physics. 

As examples of colorless bodies I show you here : 

Regular reflection: polished silver, white; polished iron,. grey. 

Irregular reflection: powdered magnesia, white; lampblack, 
black; powdered zinc, barium sulphide, grey. 

As example of colored bodies I show you : 

Regular reflection: polished copper, red; polished gold or 
brass, yellow. 

Irregular reflection: mercury sulphide (cinnabar), red; potas- 
sium bichromate, orange; magnesium chromate, yellow; copper 
acetate-arsenite (paris green), green; copper oxide hydrate 
precipitated by ammonia, blue; ultra-marine, indigo ; magnesium 
permanganate mixed with magnesia, violet. 

15. Of the radiation which enters a body, that part which is 
absorbed is usually converted into heat. Thus a black body, 
when exposed to radiation, becomes hotter than a white body, 
which reflects, or a transparent body, which transmits, most 
of the radiation. Thus the globe of a colored incandescent lamp, 
which absorbs more of the radiation than a transparent globe, 
becomes hotter than a clear glass globe. When scattering dirt 
on the snow it can be made to melt down far more rapidly in the 
spring, under the rays of the sun, than when remaining clean, etc. 

Some bodies convert the absorbed radiation into chemical 
energy, into other frequencies of radiation, etc. 

Bodies which convert the absorbed radiation, or rather a part 
thereof, into radiation of different, as far as known always 
lower, frequencies, are called fluorescent bodies. Thus the solu- 
tion of rhodamine in alcohol, which 1 show you here, fluoresces 
red. It transmits red light, but absorbs green, blue and violet 
light, and converts a part thereof into red light. This is best 
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illustrated by exhibiting it in a source of light which contains no 
red rays, as the mercury lamp. You see in the rays of the mer-^ 
cury lamp the rhodaraiiie solution looks bright red, the red light 
seems to come from the inside of it, and especially through a red 
glass the solution looks like a red hot incandescent body. Here 
then, as no red light reaches the solution, the red light given by it 
must be produced by frequency conversion from other radiation. 
The spectroscope shows especially the bright green merculy line 
weakened. 

Tile phenomena of conversion of absorbed light into other 
forms of energy will be more fully discussed in the following 
.paragraphs. 

1(). By the transmitted light, that is, the radiation which 
passes through them, bodies are again divided into colorless 
bodies; that is, such botlies whicih transmit the same percentage 
of radiation for every wav^e hnigth or frequency, and colored 
bodies; that is, bodies whie-h transmit a larger percentage of 
radiation of some frequenc.k® than of others, and as the trans- 
parent color of a body, tlieii, is understood the color, that is, the 
frequency, of that radiation of which the greatest percentage is 
transmittc^d. Thus a red glass is one which transmits a higher 
percentage of ml radiation tlian of any other radiation. 

A ])ody, tlnm, is callcid transparent, if it transmits all the radia- 
tion, aiul opaqiLC, if it transmits no radiation, but absorbs or 
refic'.cts all. If only a part of the radiation is transmitted, but 
in suc.h manner tliat it is the saimi part for all frequencies, the 
liody is ciilhxl (jrmj; or imperfeclly transparent, if the part which 
is not traiismittiid is alisorbed in the body; and translucent, if 
tlie part whicli is not transmitt(;d is irregularly reflected inside 
of the body. 

The most pcirhuitly transparciiit bodies, for visible light, are 
glass, water, ((uart/., (itc.; th(^ most opaciue are the metals, and 
perfectly, or almost pcii'fc'.c.tly opaqncj are the magnetic metals, 
perhai)s due l-o tlu^ Vfuy low speuid of proiiagation in these metals, 
whi(ili would nisult from the high value of the permeability p by 
equation ((S) paragrai)h 11. 

As exam])le of colorltiss bodies I show you here a glass tube 
filled with wate.r, transparent; a tulio filled with nigroaine solu- 
tion in alcoliol, opaciue juid blac-k; a very diluted solution of 
nigrosine with traces of other aniline dye for color correction, in 
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alcohol, as grey, and a tube filled with an emulsion of water with 
a solution of chloroform in white paraffin oil, which latter solu- 
tion has the same specific gravity as water, translucent. 

Samples of transparent colored bodies are: carmine solution 
red; potassium bichromate solution, orange; potassium chromate 
solution, yellow; nickel sulphate solution, green; copper nitrate 
solution, blue; diluted potassium permanganate solution or 
diluted solution of iodine in chloroform, violet. 

As seen, the terms “colorless” and “ colored ” have two dif- 
ferent meanings when applied to the reflected radiation and 
when applied to the transmitted radiation, and the color of a 
body in reflected light may be different, and frequently is differ- - 
ent, from its color in transmitted light, and some bodies may be 
colorless in reflected light, but colored in transmitted light, and 
inversely. In materials of low absorption, the transmitted and 
the reflected colors must be approximately complementary; thus 
the transmitted color of the atmosphere is orange, the reflected 
color blue. 

17; Colors are, therefore, distinguished into opaque colors and 
transparent colors. The opaque colors are those shown by the 
liglit reflected from the body, the transparent colors those, shown 
by the liglit transmitted through the body. In reflected light, 
the transparent colors, therefore, show only when covering a 
white, that is reflecting, surface, and then, because the light 
reflected from the white background of the transparent coloring 
body traverses this body twice, before and after reflection, and, 
therefore, depend in their brilliancy on the background. The 
difference between opaque and transparent colors, the former 
reflecting from the surface, the latter reflecting from back of 
the colored substance, is seen by comparing the appearance of 
the two classes of colors shown in 14 and in 16. 

In its general use, the terms colorless, white, black, transparent, 
opaque, refer only to the visible radiation, that is, to the frequen- 
cies within that octave which the eye perceives as light. More 
broadly, however, these terms may in physics be applied to the 
total range of radiation, and then many substances which are 
colorless for visible light, would be considered as strongly colored, 
that is, show for different frequencies great differences in the per- 
centage of radiation which they reflect or ti'ansmit. Thus we 
have seen that glass, which is transparent for visible light, is 
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entirely opa(|ue for sonic nltra-violct ami also opaque for 
ultra-red ligld- of low frcHjuciKiy, so in this bi'cadcr sense would 
have to be called colored] the color of clear glass j however, is that 
of the visilile spectrum; or, for instance, iodine solution, which is 
opmiue for visilile light, is transparent for ultra-red light, that is, 
its color is ultra-red, etc. 

In this liroader sensi-, referring to the total range and not 
merely to the visible range, glass, water, mica, etc., are not color- 
less transparent but colonel, and ([uart/. is probaldy the most 
transparent and c.olorless liody. 

18. Tlie color of the body, thus, is reiiresented by that fre- 
quency or those freipu'ncies of radial, ion of which a higlier per- 
centage are n^dectc'd or transmitted than of the other frc<|uen(!ies 
of radiation. This (lolor, ihei'cfore, is a characteristic property 
of the body and indepemlenb of the character of the light and of 
its physiological elTccIi on the eye, and can thus be called the 
actual or olrjadivo color of the liody. If we consider diffused 
daylight as whiter, then, the liody api>ear,s to the eye in its 
objective or act\ial color when compared with a white b<idy, 
that is, a body uniformly refiectiug all radiation in the dill’iised 
daylight. Uiuh'r other con<litions, as, for instance, in artificial 
illuminaiton, bodies do not clways appear to the eye in tlmir 
objective colors, but may show a very diffenint color de[iending 
on’ the character of the sourc.c of light. lAir instance, I have 
here a plate of c.olorcd glass; looking through it at the mercury 
lamp you see the glass has an olive green color; but when I turn 
on an’ imaindescmit lamp you see that it is ordinary red glass. 
Its objective color is red, its subjective color in tlie mercury 
light is gnam. Looking thniugh this glass in dayliglit it 
ap[iears rtal as it transinils more red light than other colors of 
light, and \\\c transmitind light tlius contains a higher per- 
centage. of red rays than dilTu.sed daylight. Tlie rays of the 
incrcury lamp, however, con(,ain very little red liglit and veiy 
much green light, and wliilc by this red glass a much higher 
percentage of the red light from the mercury lamp is trans- 
mitted than of its gi'een light, this higher percentage of trans- 
mitted red light is vmy much less tlian the lowin'. pivrcentage of 
the transmitt, (ul green light, and, tliei'cfori^, in the transmitted 
light, green still jireponderal-es more than in the diffused day- 
light, that is, tlie glass aiipears green. For instance, if in the 
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mercury lamp the ratio of red light to green light is only one 
hundredth of what it is in daylight, and the red glass transmits 
ten times as high a percentage of red as of green light, then in 
the light of the mercury lamp transmitted through this red glELss 
the ratio of red light'to green light is still only one^tenth of what 
it is in daylight, and the glass thus appears green. 

We have to distinguish between the actual or objective color of a 
body, which is a constant of the body, and its apparent or sub- 
jective color, which depends upon the light in which we view the 
body, and therefore' may be very different for different illumi- 
nants, and bodies which have the same colors in one illuminant 
may have entirely different colors in another illuminant and 
inversely. It is, however, the subjective color of the body cor- 
responding to the particular illuminant used which we see, and 
which is, therefore, of importance in illuminating engineering, 
and the study of the subjective colors, therefore, is of foremost 
importance, and the success or failure of an illumination depends 
on the production of the desired subjective colors. 

19. Broadly, an illuminant discriminates for the color in which 
it is deficient and the color in which it is rich. The color 
in which the illuminant is deficient — as red in the mercury lamp, 
blue and violet in the incandescent lamp — appears black; the 
color in which the illuminant is abnormally rich — as yellow in 
the incandescent lamp, green in the mercury lamp — appears as 
white ; that is, both colors disappear, more or less ; as colors, be- 
come colorless. Thus in the yellow incandescent lamp, opaque 
yellow appears the same as white, opaque blue and violet appear 
more or less as black ; transparent yellow appears colorless, trans- 
parent blue and violet appear colorless and from light transparent 
grey to opaque black. In the green mercury lamp, opaque green 
and white appear the same, opaque red appears as black ; trans- 
parent green appears colorless, and transparent red appears 
colorless, from clear transparent to grey, to opaque black, de- 
pending upon its intensity. 

It is interesting to see the difference between opaque and 
transparent colors in this respect: as opaque colors the deficient 
color turns black, the excess color white; but as transparent 
colors both become colorless and more or less transparent. Thus, 
in the mercury lamp, red and green as transparent colors both 
vanish, or rather, very greatly decrease in their prominence. 
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Ah (‘.y(i ) K‘r(;(^ivfH only tho of rmliation, very dif- 

ft‘r(uit (lomhinatioiiH of rtuliation may {>;iv(rtk^^Li)[ic impression 
to tlui ('ye, l)ut wlaai Idottiiip; out c.ortaiu ri^^ions, as red and 
green, in IIk; inereury laini), thesti diffcvnui^^poinaiions of radia- 
tion may not gi\m tli(‘. same n'sultant Ji^™()r(3,'fl^4t is, become 
of dilba’cnt colors, and invt'rsoly, d^^^ib (iOlors, wliicli differ 
only l)y such ((omi)(mf'nt radiabipi'^^ are l)loU^ out by an 
illuminani, Ixuionu'. e(|nal in tl^^llunii4mt. instaiuK^, a 
mixture of ri'd and bliu^, as permanganate 

solnlion, appeals viob't niemiry light it 

app(uirs blui^ as the riM in the light of the 

iu(‘.andeH(ient lamp it i>^<dited out. 

I show you ht're, ir^^ ot anjiicaiuh'Hiumt lam}), two 
})ic(ies of Idack (^khe ineandesceut lamp and 

turn on the merc^^unj), and see the one }>ie<m Ih blue, and 
the Ollier Ithuj^^fow I .slio^^pu two })i(‘eeH of brownish lilaek 
cloth in tiu' ii^Io^ury light.^^^tuiging to the ineandeseent lain}) 
you sell tliat one is a bi^ht crimson, and the other still jiracti- 
rally lilai'k. In botli eases the color delie, lent in tlie illuminanb 
a})i)eared as Idnek. 

This lube of coi»i>er eliloride crystals aiipears liright green in 
the ineandesei'ut lanij). In tlie naueury light it is a dirty white. 
The excess color, grei'ii, is blotted out. 

'I'hese cryst.uls of diiiyinimn nitrate, which are a light iiink 
ill daylight, are dark pink in llu^ incandescent light. In tho 
mere.ury light Ihey are Idne: the ctilm* is a mixture of red and 
|)liie, and (he oiii' is hloUetl out in the mercury light and the* 
other in the Incandescent, light. 

The,‘;e two tubes, one containing a conc(sitral(sl solution of 
manganese chloride, the other a solut ion of didyminm iiilra,te, are 
both a dark pink in llu*. ineaiiileseent light,. In the merciii’y 
light, the lir.sl, bei'umes a faint piidv, the .sec.ond iHicnines grass 
green. 

Tln-se lubes, ime eoiil.aiiiiiig a solution of didymiurn nitrate, the 
of her a diluted solution of nickel sul|iha(,e, appear both l.iglit green 
in lh(‘ inereury ligiit. In the ineandeseent lain}) iJie former is 
dark pink, tlie la.Mi-r dark gnaai. [1 Hdymimri, wbieli formerly 
was coii.ddered as an element, bus 1)eeu resolved into two ele- 
ments, jiraseodymium, wbii'li giv(‘s green sails, and mmdymium, 
wliich giv(’s i>uik salts. It is interesting to scu) that Ibis si^para- 
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tioii is carried out photometrically by the light: the mercury 
lamp showing only the green color of the praseodymium, the 
incandescent lamp the pink color of neodymium]. 

I have here a number of tubes, which seen in the light of 
the incandescent lamp contain red solutions of nearly the same 
shade. Changing to the mercury lamp you see that they exhibit 
almost any color. As the red disappeared in the mercury lamp, 
the other component colors, which did not show in the incandes- 
cent lamp as they were very much less in intensity than the red, 
now predominate: potassium permanganate solution turns blue, 
carmine blue; potassium bichromate, greenish brown; coralline, 
(an aniline dye), olive green, etc., etc. 

Again, a number of tubes, which in the mercury light appear of 
the same or nearly the same Idue color, turn to very cliff erent 
colors when seen in the incandescent lamp, due to the appearance 
of red and green, which were not seen with the mercury light. 

A solution of rhodamine, however, which looks a dull red in the 
light of the incandescent lamp, turns a glowing crimson in the 
mercury lamp, due to its red fh.Torescencc. This diluted solution 
of rhodamine and methyl green, (aniline dyes), which is grey in the 
light of the iii(ian<lescont lamp, turns brownish red in the mercury 
lamp, the green is l)lottc'.d out, while the rhodamine shows its 
red fl\.ioros(',encc. Thus, you see, the already very difficult prob- 
lem of judging the subjcictive colors of bodies under different illu- 
minants is still greatly iiuireased ]jy phenomena as fluorescence. 

To conclude then: we have to distinguish between colorless and 
colored bodies, l;)etween opaque colors and transparent colors, 
between color, as referred to the visible range of radiation only, 
or to the total range, including idtra-red and ultra-violet, and 
especially we have to realize the distinction between objective or 
actual color, and between subjective or apparent color, when 
dealing with problems of illuminating engineering. 
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20. Th(* most iinpoiiuul. i)bysi()logi<'.al (iflodt is tlio visibility of 
tho narrow ran^c of radial ion, of loss than oiio ootavo, botween 
\vav(^ h'liglh 7(» X !() " and dl) X K) ", 

Tiio rang(‘ of inltsisily of illuinimdion, ovtir whidli tlio oyo dan 
s<‘C‘. with jn'ac.tioally tMjual ooinl'ort, is (^noriuons: tlu) average 
intoiisily of ilhunimiliou at noon of a sunny day is nearly one 
million l imes grt'aler (ban tiie illumination giv(aiby tln^ full moon, 
and slill we can see burly. \V('ll in either ease; that is, the human 
eye ean adapt llself to enormous differenees in the intensity of 
iliuminalimi, and lhai so perfee.lly that it isdilHeiilt to uuilwe the 
dinVrenees in inleiisily widioiit measuring t!i(M)i. The |)hoto- 
grajiljie eanii'ra reaii/.es it. An exposui'i^ taken in i,br seeond 
witli i’,i oiieiiing of Ihe iliaplir.'igm in fullsunlight usually gives a 
bel ter pliolograph Ilian an exiiosuriMif 10 minutes at full o|)ening', 
in I he light of ihe full moon, 'The I'atio of time of exposure in 
the two eases, however, is id tout I to 1 ,000, ()()(), thus showing tlie 
dilTerenee in (he* inleiisily of illumination. Also, the disk of the 
moon, when seen in da.ylig;ht, has about the same ininnsity as the 
sky .‘''omewhal inoi'e lhan the e.lotalless .sky, less than white 
relleeling eloiid;:. .\,k Ihe .surbiei- of the moon’s disk, of one-half 
degree diauieler, is abmit Ihe surlaee ot the sky, it tluiM 

follows lhal Ihe daylight refleeled from the sky is about I0(),()0() 
times more inlense llum the light of the full moon, 

The organ by whieli we perceive the radia,tion, the huma,n eye 
(Mg. 20), conlains ail lla* eletnenis of a modern photographie 
eamera an uehroinalie lense: the liaise L, of high retraetive 
jiower, enclosed belweeii ihe two transpariait liiiuids A. and 7^ 
which correct the color dispersion, that is, give the aehromatie 
properly; a <liaphragm: Ihe iris /, which allows the increase or 
decri'itse of Ihe opiaiing /h Ihe pupil; a shutter: the eyelids and 
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the sensitive plate or retina R. The nerves of vision end at the 
back of the retina, and in the center of the retina is a spot F 

the “ sensitive spot ” or “ fova,” at which 
the retina is very thin, and the nerve 
ends specially plentiful. At this spot we 
thus see sharpest and clearest, and it is 
this spot we use for seeing by turning 
the eye so as to fix on it the image of 
the subject we desire to see, while the 
image on the rest of the retina is used 
merely for orientation. 

The adaptability to the enormous 
range of intensity of illumination, which 
as seen we meet in nature, is secured: 

(1) . By changing the opening and thereby the amount of light 
admitted to the eye, by contracting or opening the pupil ‘h This 
action is automatic. In low intensity of illumination the pupil 
thus is wide open and contracts at higher intensities. As this 
automatic action tak(>s an appreciable, though short time, a flash, 
light photograph shows the pupil of the eye fully open and thereby 
gives a staring imiyression to the faces which is avoided by keep- 
ing a photographically inactive light, as a candle, burning outside 
of the field of the camera when preparing for a flash light photo- 
graph. 

(2) . By the fatigue of tlie optic nerves, exposed to high inten- 
sity of illumination, the nerves becomes less sensitive, while at 
low intensity they rest and thus become more sensitive, and the 
differences of sensation are hereby made very much less than 
corresponds to the differences of intensity of radiation. There- 
fore, when entering a brightly illuminated room from the dark- 
ness we are bliruhMl in the first moment, until the eye gets 
accustomed to the light, that is, the nerves become fatigued and 
so reduce the sensation of light. Inversely, when stepping from 
a bright room into tlie darkness we first see almost nothing until 
the eye gets accustomed to the darkness, that is, the nerves of 
vision are rested and their sensitivity thus increased so as to per- 
ceive the much lower intensity of illumination. 

(3) . By the logarithmic law of sensation. The impression made 

on our senses, eye, ear, etc., that is, the sensation, is not propor- 
tional to the energy which produces the sensation, that is, th.e 
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intensity of the light, the sound, etc., but is approximately 
proportional to its logarithm and the sensation, therefore, 
changes very much less than the intensity of light, ete,, which 
causes the sensation. Thus a change of intensity from 1 to 
1000 is 1000 times as great a change of intensity as from 
1 to 2, but the change of sensation in the first case, log 1000 = 3, 
is only about 10 times as great as the change in the latter case, 
log 2 - 0.301. 

This logarithmic law of sensation (Fechner’s Law), while usu- 
ally not clearly formulated, is fully familiar to everybody, is con- 
tinuously used in life, and has been used from practical experience 
since by-gone ages. It means that the same relative or percent- 
age change in intensity of light, sound, etc., gives the same change 
of sensation, or in other words, doubling the intensity gives the 
same change in sensation, whether it is a change of intensity from 
one candle power to two candle power, or from 10 to 20, or from 
1000 to 2000 candle power. 

It is obvious that the change of sensation is not proportional to 
the change of intensity; a change of intensity of light by one 
candle power gives a very marked change of sensation, if it is a 
change from one to two candle power, but is unnoticeable, if it is a 
change from 100 to 101 candle power. The change of sensation 
thus is not proportional to the absolute change of intensity — one 
candle power in either case — but to the relative or percentage 
change of intensity, and as this is 100 per cent in the first, 1 per 
cent in the latter case, the change of sensation is marked in the 
first, unnoticeable in the latter case. 

This law of sensation we continuously rely upon in practice. 
For instance, when designing an electrical distribution system for 
lighting, we consider that the variation of voltage by 1 per cent is 
permissible as it gives a change of candle power of about 5 per 
cent, and 5 per cent variation is not seriously noticeable to the eye. 
Now this 5 per cent change of candle power may be a change from 
1 to 0.95, or by uV candle power, or it may be a change from 1000 
to 950, or by 50 candle power, and both changes we assume, and 
are justified herein from practical experience, to give the same 
change of sensation, that is, to be near the limits of permissi- 
bility. 

This law of sensation (Fechner’s Law) means: 

If i — intensity of illumination, as physical quantity, that is, 
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the sensitive plate or retina R. The nerves of vision end at the 
back of the retina, and in the center of the retina is a spot Fj 

the “ sensitive spot or “ fova,” at which 
the retina is very thin, and the nerve 
ends specially plentiful At this spot we 
thus sec sharpest and clearest, and it is 
this spot we use for seeing by turning 
the eye so as to fix on it the image of 
the subject we desire to see, while the 
image on the rest of the retina is used 
merely for orientation. 

The adaptability to the enormous 
range of intensity of illumination, which 
as seen we meet in nature, is secured: 

(1) . By changing the opening and thereby the amount of light 
admitted to the eye, by contracting or opening the pupil 11 This 
action is automatic. In low intensity of illumination the pupil 
thus is wide open and contracts at higher intensities. As this 
automatic action takes an appredable, though short time, a flash 
light photograph shows the p\.ipil of the eye fully open and thereby 
gives a staring impression to the faces which is avoided by keepi- 
ing a photograijliically inactive light, as a candle, burning outside 
of the field of the camera whtui preparing for a flash light photo- 
graph, 

(2) . By the fatigue of the optic nerves, exposed to high inten.- 
sity of illumination, the nerves becomes less sensitive, while at 
low intensity they rest and thus become more sensitive, and the 
differences of sensation are hereby made very much less than 
corresponds to the differences of intensity of radiation. There- 
fore, when entering a brightly illuminated room from the dark- 
ness wo are blirultid in the first moment, until the eye gets 
accustomed to the light, that is, the nerves become fatigued and 
so reduce the sensation of light. Inversely, when stepping from 
a bright room into the darkness we first see almost nothing unti 
the eye gets accustomed to the darkness, that is, the nerves o: 
vision are rested and their sensitivity thus increased so as to per 
ceive the much lower intensity of illumination. 

(3) . By the logarithmic law of sensation. The impression mad( 
on our senses, eye, car, etc., that is, the sensation, is not propor 
tional to the energy which p^roduces the sensation, that is, thi 
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intensity of the light, the sound, etc., but is approximately 
proportional to its logarithm and the sensation, therefore, 
changes very much less than the intensity of light, etc., which 
causes the sensation. Thus a change of intensity from 1 to 
1000 is 1000 times as great a change of intensity as from 
1 to 2, but the change of sensation in the first case, log 1000 = 3, 
is only about 10 times as great as the change in tlie latter case, 
log 2 == 0.301. 

This logarithmic law of sensation (Fechner’s Law), while usu- 
ally not clearly formulated, is fully familiar to everybody, is con- 
tinuously used in lifii, and has been used from practical experience 
since b 3 '’-gonc ages. It mc^ans that the same ndative or percent- 
age change in intensity of light, sound, etc., gives the same change 
of sensation, or in other words, doubling the intensity gives the 
same (ihang(^ in scmsation, whcvtlier it is a change of inttmsity from 
on(\ candbi pow(ir to tw(J (umdlc power, or from 10 to 20, or from 
1000 to 2000 (fandle power. 

It is ol)viouH that the change of sensation is not pi’oportional to 
the chfuige of intensity; a cliange of int(msity of light by one 
candle powm* givt'S a V(uy marked (iiange of s(n:isation, if it is a 
change from one to two caiidk'. pow(a’, but is uimoti(‘,{'.al)le, if it is a 
change from lOO to 101 e.andle power. The change of scmsation 
thus is not ])ro])or(.ional to tlu5 al)solute ('.hango of intensity — ono 
candh^ power in (uther cast) — l)ut to the relative or percentage 
changes of int(uisi(;y, aiul as this is 100 i)er (umt in the first, 1 per 
cent in the latter ease;, tlui (shange of sensation is marked in the 
first, unnotie(i{iblci in tlui lattru' (‘,{is(‘. 

This law of sensation W(', (iontimiously rcily upon in practice. 
For instaiuK',, wlavn (h^signing an electricial distribution systenn for 
lighting, w(,i c.onsidca’ that the varial.ion of volt!ig('. loy 1 per cent is 
IxM’inissildci as it giv('s a chang(i of candhi power of al)out 5 per 
(umt, and h pen* c(mt variation isnotstaiouslynoticeabhdiothoeyo. 
Now this 5 pel* cent change of candle power may lie a change from 
1 to 0.05, fu* by do candle power, or it may be a change from 1000 
to 950, or by .50 caudle power, and both changes we assume, and 
are justified herein from pi*actical exiierieMC-e, to give the same 
change of sensation, tliat is, to lie near the limits of permissi- 
bility. 

This law of sensation (Fechner’s Law) moans: 

If i - int(msity of illumination, as physical quantity, that is, 
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in meter-candles or in watts radiation of specified wave length, 
the physiological effect given thereby is : 

L = A logt- 
'^0 

where A is a proportionality constant (depending on the physio- 
logical measure of L) and ^ is the minimum perceptible value of 
illumination or the “threshold value,” below which sensation 
ceases. 

The minimum value of change of intensity i, which is still 
just perceptible to the average human eye, is about 1.6 per cent. 
This, then, is the sensitivity limit of the human eye for changes 
of illumination. 

Obviously^ when approaching the threshold value the sensi- 
tivity of the eye for intensity changes decreases. 

The result of this law of sensation is that the physiological effect 
is not proportional to the physical effect, as exerted, for instance, 
on the photographic plate. The range of intensities permissible 
on the same photographic plate, therefore, is far more restricted. 
A variation of illumination within the field of vision of 1 to lOOO, 
as between the ground and the sky, would not be seriously felt by 
the eye, that is, not give a very great difference in the sensation. 
On the photographic plate, the brighter portions would show 1000 
times more effect than the darker portions and thus give bad 
halation while the latter arc still under exposed. A photographic 
plate, therefore, requires much smaller variations of intensity in 
the field of vision than permissible to the eye. In the same man- 
ner the variations of intensity of the voice, used in speaking, are 
far beyond the range of impression which the phonograph cylin- 
der can record, and when speaking into the phonograph a more 
uniform intensity of the voice is required to produce the record, 
otherwise the lower portions of the speech are not recorded, while 
at the louder portions tlie recording point jumps and the voice 
breaks in the reproduction. 

21. The sensitivity of the eye to radiation obviously changes 
with the frequency, as it is zero in the ultra-red, and in the ultra- 
violet — where the radiation is not visible — and thus gradually 
increases from zero at the red end of the spectrum to a maximum 
somewhere near" the middle of the spectrum and then decreases 
again to zero at the violet end of the spectrum; that is, the physi- 
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ological effect prodiuiod by tlic same radiation power — as one 
watt of radiating powca- — is a maxiinuiri near the middle of the 
visible specdruin and dc^eniases to y.ero ai. the two ends, about as 
illustrated by tlu^ cairves in Fig. 21. Inversely, the mechanical 
equivalent of light, or the power requir(‘d to produce the same 
physiological effetit— as one c.andle power of light— is a 
minimum lu'ar the middle of the sp(M!trum and increases from 
there to infinity at tU) end of the visible range, being infinite 



in th(>, ulLra-rt'd and ultra-vioh't, whmv, no power <if rmliation can 
produce visibility. It thus varies about as indicfated in Fig. 22. 

Tlu', iiKMihanieal pow(U’ (siuivalentof light, thus, is not (lonstant, 
as the inechanit^al eius’gy e<iuival(sit of lieat - whieli is 42(1 kgin. 

or 4.25 kilo-joule per c.alorie but, is a fumvtion of the frcMiuency, 

that is, of tlu^ (!olor of radiation, with a maximum, piobably not 
very far from 0.02 watt pin candle powiu’ in the middle of the 

s]KH!triim. 

Whim eomiiaring, however, the ]>liysio!ogicaL eflncts of 
frequencies of radiation, that is, ilillerent liolors of light, the dilh- 
culty arises that different colored lights cannot be compared 
photometrically, as all photometers are 1)ased on inakiug the illu- 
mination proditced liy (he two different sources of light equal, and 
when these sources o‘f light am of different color they can never 
become equal. As long as tlie colors are, not veay different - 
two diderent sluides of yellow or yellowish white and^ white the 
eye can still approximately estimate the equality of intensity and 


42 RADIATION, LIGHT, AND ILLUMINATION. 

thus compare them, though not as accurately as when the two 
sources of light are of the same cobr, With very great color 
differences, as green light and orange light, this is no longer 
feasible. However, an accurate comparison can still be made on 
the basis of equal ease in distinguishing objects. As the pur- 



pose for which light is used is to distinguish objects, the correct 
comparison of lights obviously is on the basis of equal distinctness 
of objects illuminated by them; that is, two lights, regardless 
whether of the same or of different colors, give the same candle 
power, that is, the same physiological effect, if they enable us to 
distinguish objects with the same ease at the same distance. 
Experience has shown that the sharpest distinction, that is, tine 
greatest accuracy in comparing different lights in this manner, is 
reached by determining the distance from the source of light at 
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which print of rnodcnitt! size just ceases to be readable. For this 
purpose the print must be a mixture of letters which do not form 
intelligible words and the point which can be determined most 
accurately is where; large; letters^ as caiiitals, are still readable, 
while small lett(;rs are alrciidy unreadable (see p. 174) . Obviously, 
ill comparing dilierent colors of light the objei'.t must be colorh'ss, 
that is, the print lie black on white. This method of comparison 
of the physiological effect, by what lias been call(;d the "lumino- 
metcr,” is theoretically tlu; most correct, as it is independent of 
the color of light. It is, however, not as accurate as the comjiari- 
soii by photometer, and thus the average; of a niimb(;r of observa- 
tions must be used. Tlu; only error which this^ method leaves is 
that due to the diff(;r(;n(;e in the sensitivity of different eyes, that 
is, due to'tlie dilh;ren(;es lH'tw(;en tlu; sensitivity curv(;s (Fig. 21), 
and this in most cas(;s s(;(;ms to be V(;ry small. 

22. It is f( mild , 1 u )wev(;r, tl lat the s(;nsitivity curve for different 
colors of radiation is a function of the intc;nsity of radiation; tliat 
is, the maximum sensitivity point of tlu; eyi; is not at a d(;linite 
frei juenc.y or wave; l{;ngth, but varies with the iiiti;nsity of illuini- 
nation and shifts more towards the r(;d end of the sp(;(;trum for 
high, towards the viol(;t (;nd of the sp(;ctrmn for low intensity eff 
ilhimination, and for illumination of v(;ry high intensity the maxi- 
inuin pliysiological (;(f(;<;t tal'n;s idacc; in tlu; y(;llow light, while for 
very low int(;nsity of illumination it oc.curs in the liluisli green 
light; that is, id, high int(;nsity y(;llow liglit retjuires l(;ss [lower 
for tlu; same jiliysiologuial effect than any ()th(;r color of light, 
whih; for low intensity, bluish, green light refill ires less power for 
the saiiu; [ihysiologif'al (;lf(;ct than any otlu;r (;olor ol liglit. ihus, 
if an orange ydlow light, as a llanu; (;aii)on arc, and a bluish gi(;en 
light, as a nH;r(;ury lain]), a])])(;ar of tlu; same int(;nsity from tlu; 
.listanc.f; of 100 feet, liy going nearer to the lamps tlu; orange 
yellow ai)p(’ars to in{;r(;as(; mon; ra[)idly in int(;nsity than tlu; 
bluish green, and from a very short distaiKie tlu; form(;r a])[)ears 
glaring briglit, wliile tlu; latter is disapiioiiitiug by not showing 
anywhen; lU'ar tlu; saint; aiiparent intensity. Inversely, when 
going furth(;r and further away from the two lainjis tlu; oiaiige 
yellow light se(;ins t.o fade out more rajiidly than tlu; bluish gieen, 
and lias practically disaiiiiearc;;! while the bluish green is still 
markedly visible. A mer(;nry lamp, th(;r(;fore, t;an be S(;en fiom 
distances from which a much brighter yellow flame arc is practi- 
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cally unnoticeable, but inversely, from a very short distance the 
yellow light appears dazzling, while a mercury lamp of higher 
candle power appears less bright. 

Fig. 23 illustrates the change of sensitivity with intensity, by 
approximate curves of the variation of the relative sensitivity of 
the average human eye with the intensity i of illumination in 



meter candles (or rather log i) as abscissas, for red light, wave 
length 65.0; orange yellow light, wave length 59; bluish green 
light, wave length 60.5; and violet light, wave length 45.0. 

As seen for red light as well as violet light — the two ends of 
the visible spectrum — the sensitivity is low, while for orange 
yellow as well as bluish green light — near the middle of ttre 
visible range — the sensitivity is high. 

For bluish green light, however, the sensitivity is high at low 
and moderate intensities but falls off for high intensities, while 
for orange yellow light the sensitivity is high at high intensities 
and falls off at medium and low intensities and ultimately vanishes, 
that is, becomes invisible at intensities many times higher than 
those at which green light is still well visible. 

Red light vanishes from visibility still earlier than orange yel- 
low light, while violet light remains visible even at very low 

intensities. _ j. - 

The vanishing points of the different colors of light, that is. 
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the ininiinum intcnsiticH wliinh can just bo perceived arc, approxi- 
mately, at: 

Pnlo,. , , . red oi'Jinfije yellow preon blue violet 

Wave length /ti, - <57 (K).r, 57.5 50.5 47 411 X 10 » 

O-Ot’ 

Relative, radiation 

power 10,000 1000 100 1 2 20 

That is, the mhiiimim visibh; amount of gre.eii light represents 
the huist amount of powtsr; tluj minimum visiljle amount of 
blue light nMjuires twic(i as much power tis green light; violet 
light 20 times as much, l)Ut yellow light lOO times and red light 
cv(;n 1(),0()() liuu^s as much power as gnu'ii light at the threshold 

of visibility. . 

While tlni intensity of radiation varu's inv( 0 's(dy proportional 
to th(^ stjuani of the. distjuuu', it follows lu^ndTom that tlu^ physio- 
logic, al (^fhs’.t of radiation does not vary (ixaetly with tlie square 
of tin', distance',, Init varies souunvhat fasten*, that is, with a higher 
power of th(‘. distamai for orange, ychow or tb(^_long-wav{5 end of 
the. speetrmn, and sonu'.what slowcn*, tliat is, with a hwser powen* 
of tlui distancsi tluin the sciuatv., for bluish gnen or the short-wave 
end of the spec.t.rnin. 

This phenouH'iion is appiec.iable even wlum com]iaring the 
(siclosc'd alternating ca,rboii {irc, with the o])(‘U direc.t (Mirrent (!ar- 
l„)n arc: by photonuder, wlu'i'e a fairly high inbaisity at illumi- 
nation is used, (he relativ(^ intensity of tlm two arcs is found 
soinewhati dideriait than by luminoniet.tn', (.hat/ is, by Kuidmg 
distaiuK'S iH'arer tlu*, lower limit of visibilil.y. For low intensities, 
tlu', iLlhvrnating arc coinpa.n’S inor<! favorably than tor high 
inb'nsil.ies. 

It follows, Ihen'fons t.hat in the ])hotom<d.ric e.()mpiirison of 
ilhiinimmis, where iipprecialile color (lilTerenees (^xist, the inten- 
sity of illumination at whie.h the e,om])arison is made must lie 
givi'ii, as it, inlliK'Uci's lh(' I'esult., or t.he candle power and the 

distanc.e of (diservat. ion stall'd. 

211. Not only the sensitivity maximum is ilifferent for low and 
for high intensity of illumination, but the sha|)e of the sensi- 
tivity curve also is idlered, and for low intensity is more peaked, 
that* is, the simsitivity di'cieases mori! raiiidly from a inaximum 
towards the ends of the spectrum than it does foi high intensity 
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of illiiminatioii as indicated by the curves in Fig. 24 which 
shows approximate sensitivity curves of the average human eye: 
(a) for eveiy low illumination near the treshold value ^of visi- 
bility or 0.001 meter-candles; (b) for medium illumination^ 4.6 
meter-candles; (c) for very high illumination, 600 meter-candles. 



(1 meter-candle is the illumination produced by 1 candle power 
of light intensity at 1 meter distance; N mcter-candles, thus, the 
illumination produced by a light source of N candle power at 1 

meter distance or of 1 candle power at— 7 =^ meter distance, etc.). 

VN 

As seen, curve (u) ends at wave length Iw == 61 X 10"®; that is, 
for longer waves or orange and red light, 0.001 meter-candles is 
below the threshold value of visibility, hence is no longer visible. 

The maximum visibility, that is the sensitivity maximum of 
the human eye, lies at wave length. 

Zq = 51.1, bluish green for very low intensity, curve (a). 

Zq = 53.7, yellowish green for medium intensity, curve (5). 

Iq = 56.5, yellow for high intensity, curve (c). 

The sensitivity maximum varies with the intensity about as 
shown in Fig. 25; that is, it is constant in the bluish green for 
low intensities, changes at medium intensities in the range be- 
tween 0.5 and 50 meter-candles and again remains constant in 
the yellow for still higher intensities.. 
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The sciiHitivity (uirvey, as given in Fig. 24, have the general 
character of i)robability curves: 


where I^q ^ the wjivii length at inaximum sensitivity and is 
the sensitivity at tliis wave length, that is, the maximum sensi- 
tivity and k constant which is approximately 120 for low, 



02 for liigli iidnnsities and c.lianges in approximately the saine 
range of inhsisities in which clniiigcvs; /c„ is also plotted in 

, .... 

This effect of the iiUnnsity of ilhunination on tlie sensitivity of 
tlu^ ey<- h very important in illuminating (vngineering as it deter- 
miiHis tlu* color sliadcs winch ar(' most) ellecdivci lot the paiticular 
purpose. For instaiu^c!, in sending the light to gn^at distances, 
for signalling, etc.., [\\v. l)liiish gnum of tlu^ mercury lamp is best 
suihHl, c.arrics fartliesl., juui the. yhlow lliime arc the poorest, the 
wlntc carlion arc suptuior totlu! yellow (lanui arc, even wheie the 
latter is of great.er inl.cnsity. Inversely, where a big^glare of 
light is desired, .as for d(‘corativ(', purpos('s, for advertising, etc., 
the yellow fla.nic carbon arc is best suite.d, tlui bluish gioen mei- 
cury lamp disappoinling. 

Aiiparent (‘xc.eptions may exist: for instance, the long waves or 
the orange yellow p(m(drai.(^ fog better than the short waves of 
bluish green*, and for liglithoiis(‘S, wIk'h^ thc^ important problem is 
to reach th(‘ gmalest ]>ossible distance in fog, yellow light, thus, 
maybe superior. In geiuu'al, however, the bluish green is superior 
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in visibility to the orange yellow for long distances, and inversely 
the orange yellow is superior for short distances. 

At the limits of visibility the eye is very many times more 
sensitive to green light and, in general, high-frequency light, than 
to orange yellow and, in general, low-frequency light. 

A necessary result of the higher sensitivity of the eye for green 
light'is the preponderance of green in gas and vapor spectra. As 
no special reason exists why spectrum lines should appear more 
frequently at one wave length than at any other and as the radia- 
tion is most visible in the green, this explains, somewhat, the 
tendency of most highly efficient illuminants towards a greenish 
or yellow color (as, for instance, the Welsbach mantel, the Nernst 
lamp, etc.). 

Pathological and Other Effects on the Eye. 

24. Radiation is a form of energy, and thus, when intercepted 
and absorbed, disappears as radiation by conversion into another 
form of energy, usually heat. Thus the light which enters the 
eye is converted into hc^at, and if its power is considerable it may 
be harmful or even destructive, causing inflammation or burns. 
This harmful effect of excessive radiation is not incident to any 
particular frequency, but inherent in radiation as a form of 
energy. It is, therefore, greatest for the same physiological effect, 
that is, the same amount of visibility, for those frequencies of 
light which have the lowest visibility or highest power equiva- 
lent, that is, for the red and the violet and least for the green and 
the yellow, which for the same amount of visibility represent 
least power. Hence, green and greenish yellow light are the most 
harmless, the least irritating to the eye, as they represent the 
least power. We feel this eflhct and express it by speaking of 
the green light as ‘‘cold light'’ and of the red and orange light as 
“hot” or “warm.” The harmful effect of working very much 
under artificial illumination is largely due to this energy effect, 
incident to the large amount of orange, red, and ultra-red 
in the radiation of thci incandescent bodies used for illuminants 
and thus does not exist with “ cold light,” as the light of the 

mercury lamp. . cn j; 

Blue and violet light, however, are just as energetic, or hot, 

as orange and red light, and the reason that they are usually not 
recognized as such is that we have no means to produce efficiently 
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powerful blue and violet lif^ht, and if wo eoiild produce it would 
not be able to use it for illuiniiuitioiij due to the specific effects of 
this light which will bt) <l(‘scrilK’d in tlui following. 

In idg. 20, l(‘t ih(^ e.urve A. r(^[)r(\sent rotighly the mechanie.al 
power (Hiuivah'ut of light for averages intensity, that is, the power 
nsiuired to lU’oduci^ tlie same idiysiological effect or the same 
candle poAVer. The distribution (,)f power in an incandescent 



lamp carlxiii lilameni w'oul<l be sonanvluit lik(^ (7. Thence, tlie 
])hysiologif.al effect falls off somewhat towai'ds tlie gmeii, as C 
drops mon; than d, and ahnost. ViUiislies m the blue and viohit, as 
a r!ipi<lly decrease's, while .1 , 1 he poW('r ivx[\\mA to give the same 
physiologiced effect., rajjidly incrcniscis. hrom the yellowtowaids 
the red the physi(dogi(‘ar(irf<5ct again dwu’eases somewhat, but 
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the radiation still increases towards the ultra-red. Dividing 0 
by A then gives the distribution of the physiological effect, curve 
C', that is, of visibility, in the incandescent lamp spectrum, show- 
ing that the color of the light is yellow. Bg gives the distribu- 
tion of power in the mercury spectrum. It is shown in dotted 
lines, as the distribution is not continuous, but the power massed 
at definite points, the spectrum lines of mercury. Hg' then gives 
the visibility curve by dividing Eg by A. As seen, the ratio of 
the area of Hg' to Eg, that is, the ratio of the physiological effect - 
to the power, is much less than the ratio of the area of C' to (7; 
that is, the former produces for the same amount of visibility far 
less heat and thus is safer. 

25. Excessive intensity, such as produced at a short-circuiting 
arc, is harmful to the eye. The human organism has by evolu- 
tion, by natural selection, developed a protective mechanism 
against the entrance of radiation of excessive power into the eye : 
at high intensity of illumination the pupil of the eye contracts 
and thus reduces the amount of light admitted, and a sudden 
exposure to excessive radiation causes the eyelids to close. This 
protective mechanism is automatic ; it is, however, responsive 
mainly to long waves of radiation, to the red and the yellow light, 
but not to the short waves of green, blue and violet light. The 
reason for this is apparently that all sources of excessive radia- 
tion which are found in nature, the sun and the fire, are rich in 
red and yellow rays, but frequently poor in rays of short wave 
length, and, therefore, a response to short wavelengths alone would 
not bo sufficient for protection as they might be absent in many 
intense radiations, wdiile a response to long waves would be 
sufficient since these are always plentiful in the intense radiations 
found in nature. 

It is only of late years that illuminants, as the mercury lamp, 
which are deficient in the long waves, have been produced, and for 
these the protective action of the eye, by contracting the pupil, 
fails. This absence or reduction of the contraction of the pupil 
of the eye in the light of the mercury lamp is noticed when passing 
from a room well illuminated by incandescent lamps, to oneequa,lly 
well illuminated by mercury lamps and inversely. When changing 
from the incandescent light to the mercury light, the illumination 
given by the latter at first appears dull and inferior as the pupil 
is still contracted, but gradually gains in intensity as the pupil 
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opens; and inversely, coming from the mercury light to the incan- 
descent light, the latter first appears as a big glare of light, the 
pupil still being open, but gradually dulls clown by the contraction 
of the pupil. 

This absence of the automatic protective action of the eye 
against light deficient in long waves is very important, as it means 
that exposure to excessive intensity of illumination by mercury 
light may be harmful, due to the power of the light, against which 
the eye fails to protect, while the same or even greater power of 
radiation in yellow light would be harmless, as the eye will pro- 
tect itself against it. The mercury lamp, therefore, is the safest 
illuminant, when of that rnodei'ate intensity required for good 
illumination, but becomes liarmful when of excessive intensity, as 
when closely looking at tlie lamp for considerable time, when 
operating at ex(‘,essive current. The possibility of a harmful 
effect is noticed by thcj light appearing as glaring. This phe- 
nomenon explains the contradicitory statements occasionally made 
regarding the physiologicuil (effect of such illuminants. 

20. Up to and including the green light, no specific effects, 
that is, effects b(isi(U^s tlios('. due to the power of radiation, seem 
yet to exist. They begin, however, at the wave length of blue 
light. 

I show yon Insrc^ a fairly intense blue violet light, that is, light 
containing only blue and viohit radiation. It is derived from a 
vertical nuinniry lamp, whic.h is surroimdcKl by two concentric 
glass cylinder's wc'ldcid togc^ther at the bottom. The space be- 
tween the e-ylind(‘rs is filled with a fairly concentrated solution 
of potassium ix'rmanganate (strong coppen nitrate solution*or a 
ciipri(!-ammon salt solution, though not quite so good, may also 
be used) winch is opaciiui to all but the blue and violet radiations. 
As you s('e, tlui light has a very wdrd and uncanny effect, is 
extnriKily irritating: you can see l)y it as the intensity of illumi- 
nation is fairly high, but you cannot distinguish everything, and 
especially the lamp is indtvlinite and hazy: you see it, but when 
you look at, it it (lisai)])ears, and thus your cy(5 is constantly trying 
to look at it, and still luiver sue, coeds, which produces an irritating 
restlessness. It can well ])c iKilicvcKl that long exposure to such 
illumination would result in insanity. The cause of this weird effect 
— which is difficult to describe', — probably is that the sensitive 
spot on the retina, that is, the point on which we focus the image 
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of the object which we desire to see, or the fova F in Fig. 19 ^ is 
blue blind, that is, does not see the blue or violet light. Thus we 
see the lamp and other objects indistinctly on the outer range of 
the retina, but what we try to see distinctly disappears when 
focused on the blue blind spot F. This spot, therefore, is often 
called the “yellow spot,” as we see yellow on it — clue to the 
absence of the vision of blue at this particular place of the retina. 

To produce this effect requires the mercury lamp; most other 
illuininants do not have sufficient blue and violet rays to give 
considerable illumination of this color and even if they do, no 
screen which passes IjIuo and violet is sufficiently opaque to the 
long waves not to pass (mough of them to spoil the effect, if the 
illuminant is rich in such long waves. The mercury lamp, how- 
ever, is deficient in these, and thus it is necessary only to blind off 
the green and yellow rays in order to get the blue and violet light. 

I show you hero a mtircmry lamp enclosed by a screen consist- 
ing of a solution of naplitol green (an aniline dye) which transmits 
only the green light. As you see, in the green the abo ve-describ ed 
effect does not exist, but the vision is clear, distinct and restful. 

27. Beyond the violet the radiation is no longer visible to the 
eye as light. There is, howevcu', a faint perception of ultra-violet 
light in the eye, not as distiiust light, but rather as an indis- 
tinct, uncomfortable feeding, some form of dull pain, possibly 
resulting from Iluorestumce effects caused by the ultra-violet 
radiation inside of the t!ye. With some practice the presence of 
ultra-violet radiation thus {‘.an be noticed by the eye and such 
light avoided. In tlici ultra-violet, and possibly to a very slight 
exteiht in the violet and twcni in tlie blue, a specific harmful effect 
ajopears, which possibly is of cluunic.al nature, a destruction hy 
(■hemic.al dissociiition. ddiis efftatt increases in severity the fur- 
ther we reiicli into the ultra-violet, and seems to become a 
maximum in the range from one to two octaves beyond the violet. 
These very short ultra-violet rays are extremely destructive to 
the eye : exposure even to a moderate intensity of them for very 
few minutes produces a severe and painful inflammation, the 
after effects of which last for years, and long exposures^ would 
probably result in blindness. The chronic effects of this inflauQ.- 
mation are similar to the effect observed in blue light: inability? 
or diflflculty in fixing objects on the sensitive spot F , so that with- 
out impairment of the vision on the rest of the retina clear dis- 
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tiiKJtioii is inipairtul and reading becomes difficult or impossible, 
especially in artilitial illumination. St appears as if tlie sensitive 
spot h\ or tlu' foe.using mechanism of tlie eye, were over-irritatcul 
and wIk'ii us(h 1, for instamu) in reading, beciomes vt'iy rapidly 
fjitigued and the vision begins to blur. If furtlu'r irril-ation l)y 
ultra-violet light or by attempting to read, ('te.., is avoidc'cl, 
gradually tla^ rapidity of fatigue decreases, tlu^ vision remains 
distiiui. for a longtu- and longer time before it bcigins to blur and 
iiltimattly btHiomes normal again. 

Th(^ inllammation of tin; eye [)rodiiced by ultra-viok't light 
appears to Ix' difh'nuit from that caused by (^xposur(^ to high- 
})ow(‘r radiation of no spt'c.ilic, (vffixjt, as tlie light of a short cinnut 
of a high-pow(‘r eletdric, systcmi, or an explosion, et(i. 

Th(‘ main diiTctrenct's anu 

1. Thti eiTe«vt of high->pow(U’ radiation (power burn) ai)pears 
immediately aftta* (‘xposunp wliik^ that of ultra-violet nuliation 
(ultra-violet burn) a|)pears from (5 to 18 hours alder i^xposuna 

2. The exh'rnal sympt.oms of inflammation: rediitw of the 
{‘yes and the face, sw<’irmg, coiiious t(airs, (vtc., are pronounced 
in tlie power burn, Imt, very moderate or even entirely alisent 
in the ultra-vioh‘1. burn. 

;i. (bmplefi* recovuTy from a power Iniru even in severe cases 
usually oec.urs within a lew days, h'aving no after effects, while 
recovery from an vdt ra-viol(‘t burn is (‘xtrem<‘l,y slow, taking 
months m* years, and .sonm afti'r efhaits, ns abnormal si'usitivity 
to radiation of .short wa,ve hmgths, may b(^ ])nicti(‘.ally iierniaiu'nt. 

d'he general phtmomena of a siwau’e powm' tairn are: 

Temporary Itlindnes.s immediatc'ly aftts’ (‘Xposure, severe pains 
in the ey(‘s and (he fact', rediu'ss of ey(‘S ajid fa(ui, swc'lling, copi- 
ous (ears, elc. 'riiese effects increase for a few hours and tlum 
di'crease, yielding readily to proper tn'atmeut: application of 
ice, cold boric acid .solution, (t.c., and complete n'coviay occurs 
within a few days. 

In (tironic cases, as exce:~siv(‘ work luuh'r artificial illuniination, 
tlit‘ symploms appear gradually, but nxiovery, if no structural 
chang(‘s in (he {‘yes ha,V(‘ occ,urr(‘d, is rajiid and complete by 
proper treatinmit and discontinuance of work under artificial 
illumination. 

Most artificial light, is given by temptwature radiation (imian- 
descc'ut laini), gas and kc‘rosene flam(v),and therefore its radiation 
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consists of a very small percentage only of visible, light (usually 
less than 1 per cent), while-most of its energy is in the ultra-red 
and invisible, and for the same amount of visible radiation or 
light the total radiated power thus is many times greater than 
with daylight. Regarding chronic ‘ ‘ power burn, ’ ’ artificial light, 
therefore, is much more harmful than daylight, that is, much 
more energy enters the eye under incandescent illumination than 
under much more powerful daylight illumination. 

In a severe ultra-violet burn no immediate symptoms are 
noticeable, except that the light may appear uncomfortable 
while looking at it. The onset of the symptoms is from 6 to IS 
hours later, that is, usually during the night following the ex- 
posure, by severe deep-seated pains in the eyes; the external 
appearance of inflammation is moderate or absent, the vision is 
not impaired, but distinction made difficult by the inability to 
focus the eye on any object. The pains in the eyes and head- 
ache yield very slowly; for weeks and even months any attempt 
of the patient to use the eyes for reading, or otherwise sharply 
distinguishing objects, leads to blurring of the vision; the letters 
of the print seem to run around and the eye cannot hold on 
to them, and severe headache and deep-seated pains in the 
eyes follow such attempt. Gradually these effects become less ; 
after some months reading for a moderate length of time^ during 
daylight is possible, but when continued too long, or in poor 
light, as in artificial illumination, leads to blurring of the vision 
and head or eye ache. Practically complete recovery occurs 
only after some years, and even then some care is necessary, ^as 
any very severe and extended strain on the eyes temporarily 
brings back the symptoms. Especially is this the case when 
looking at a light of short wave length, as the mercury arc ; that 
is, there remains an abnormal sensitivity of the eye to light of 
short wave lengths, even such light which to the normal eye is 
perfectly harmless, as the mercury lamp. ^ 

In chronic cases of ultra-violet burn, which may occur when 
working on unprotected arcs, and especially spark discharges 
(as in wireless telegraphy), the first symptoms are: occasional 
headaches, located back of the eyes, that is, pains which nmy 
be characterized either as headache or as deep-seated eye aclm- 
These recur with increasing frequency and s’everity. At -^e 
same time the blurring of the vision begins to be noticeable 
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and the patient finds it more and more difficult to keep the eye 
focused for any length of time on objects, as the print when read- 
ing. These symptoms increase in severity until the patient 
ig obliged to give up the occupation which exposed him to ultra- 
violet light, and then gradual recovery occurs, as described above, 
if the damage has not progressed too far. 

In mild cases recovery from power burns may occur in a few 
hours and complete recovery from mild ultra-violet burns in 
a few weeks. 

Both types of burn may occasionally occur simultaneously 
and their symptoms then successively. 

For instance, in a case of an exposure while working for about 
half an hour with a flame-carbon arc without enclosing glass 
globe (such an arc contains large amounts of high-power radia- 
tion, of yellow and orange color, but also a considerable amount 
of ultra-violet rays), the symptoms of the power burn increased 
in severity for a few hours, and then rapidly vanished by the 
application of cold water, and recovery was practically complete 
six hours after exposure; then some hours later, in the middle 
of the night, the patient was awakened by severe pains in the 
eyes, the symptoms of the ultra-violet burn, and had to seek 
medical attendance. Under proper treatment recovery occurred 
in a few days, but the blurring of the vision was appreciable 
for some days longer, and the sensitivity to high-frequency light 
for some weeks. 

28 . Arcs produce considerable amount of ultra-violet light,* 
and in former experiments we have used a high frequency iron 
arc for producing idtra-violct light and also have seen that even a 
very thin sheet of glass is opaque for these radiations. For very 
long ultra-violet rays, that is, the range close to the visible violet, 
glass is not quite opaque, but becomes perfectly opaque for about 
one-quarter to one-half octave beyond the violet, and in this first 
quarter of an octave the harmful effect of the ultra-violet radia- 
tion is still very small and becomes serious only when approach- 
ing a distance of about one octave from the visible end of the 
violet. Clear transparent glass thus offers a practically complete 
protection against tlic'. harmful effects of ultra-violet light, except 
when the latter is of excessive intensity, and thus arcs enclosed 

* An arc between silicon terminals emits especially powerful ultra-violet 
radiation accompanied by little visible light. 


56 RADIATION, LIGHT, AND ILLUMINATION. 

by glass globes are harmless. It is, however, not safe to look 
into and work in the light of open metal arcs for too long a 
time. 

The carbon arc gives the least nltra-violet rays, so little that 
even without enclosure by glass it is fairly safe; metal arcs give 
more and the mercury arc gives the greatest amount and reaches 
to the farthest distance beyond the visible, and these very destruc- 
tive very short ultra-violet rays have so far only been observed in 
the radiation of a low temperature mercury arc in a quartz tube : 
quartz being transparent to these rays while glass is opaque. 

The high temperature mercury arc in a quartz tube, that is, arc 
operated near atmospheric pressure as it is used to some extent 
for illumination, especially abroad, seems to be much less dan- 
gerous than the low temperature or vacuum arc, but it also 
requires a protecting glass globe. 

In general, no metal arc, spark discharge, or glow discharge 
should ever be used industrially or otherwise without being en- 
closed by a glass globe, preferably of lead glass, if located so that 
it may be looked at. Those experimenting with arcs or other 
electric discharges should always protect their eyes by the inter- 
position of a glass plate. _ ITT 

Th.us tliG spBfiks of wirclBSS tclGgr^^ph. stfitionSj txi6 discliajrgos 
of ozonizers, the arcs of nitric acid generators, electric furnaces, 
etc., may be dangerous without glass enclosure. 

While artificial illuminants, and especially metal arcs, give 
an appreciable amount of ultra-violet light, these ultra-violet 
rays extend only to about one-quarter octave beyond the visible 
violet and if, as is always the case, the illuminant is enclosed by 
glass, the harmful effect of these long ultra-violet rays is negli- 
gible. The radiation of the sun also contains ultra-violet rays, 
and a larger percentage compared with the total radiation than 
any glass-enclosed artificial illuminant, and as the light of the s\ixi, 
that is, daylight, is recognized as perfectly harmless, as far as 
this specific destructive action is'concerned, the same applies to 
the artificial illuminants, as they contain less ultra-violet lays 

than the light of the sun. • i -e 

This specific destructive action on the eye of short ultra violet 

radiation extends beyond the blank space in the spectrum, of 
radiation (Fig. 14) and stiU exists, though possibly to a lesser 
extent, in the X-rays. 
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Pathological and Therapeutic Effects of Radiation. 

29. Radiation impinging on tlie tissue of the human body 
or other living organisms exerts an influence depending on 
intensity, power and frequency. The effect on the eye has been 
discussed in the preceding paragraphs. The specific chemical 
effect in supplying the energy of plant life will be more fully 
discussed in the following under chemical effects. As is to be 
expected, the effect of radiation on the hving protoplasm 
of the cells is stimulating if of moderate intensity, destructive 
if of excessive intensity; that is, by the energy of the radiation 
the motions of the parts of the protoplasm-molecule are in- 
creased, and, if the intensity of radiation is too high, the mole- 
cule thus is torn asunder, that is, destroyed, the living cell 
killed and inflammation and necrosis (mortification) result. 
If the intensity is moderate, merely an increase of the rapidity 
of the chemical changes in the protoplasm, which we call life, 
results; that is, the radiation exerts a stimulating effect, in- 
creasing the intensity of life, causing an increased renewal of 
worn-out tissue and reconstruction, and thus is beneficial or 
curative, especially where the metabolism is sluggish. 

Just as in the action on the eye, two different effects probably 
exist: a general effect due to the energy of the radiation which 
with sunlight is a maximum beyond the visible close to the red 
end of the spectrum, and with most artificial illuminants (those 
based on incandescence) reaches a maximum still further in 
the ultra-red — and a specific effect depending on the frequency. 

The power effect is general and probably fairly miiform 
throughout the exposed tissue, appears simultaneous with or 
immediately after the exposure, and thus practically no danger 
of harmful results from destruction of tissue exists, as excessive 
intensity makes itself felt immediately, before far-going destruc- 
tion of tissue can occur, and, therefore, the only possible danger 
which could exist would be in the indirect effect of stimulation 
on other organs of the body, as the heart. Thus the use of in- 
candescent light as stimulant appears fairly harmless. ^ ^ 
Different is the specific action of high-frequency radiation. 
This occurs only some time after exposure, from a few hours to 
several weeks (with X-rays) . As these higher frequencies are not 
felt by the body as such and exert a powerful action even at sucti 
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low intensities tliat their energy is not felt as heat, and, further- 
more, the susceptibility of different people may be different 
there is notluiig to guard against excessive and thereby harmful 
exposure. Furthermore, the damage is far more severe and 
lasting tliaii with the power effect, and fatal cases have occurred 
years after eximsiire. Possibly, as may be expected from 
selective action, only a few cells in the living tissue are killed 
l)y the radiation, and the disintegration products of these dead 
colls then gnidiially involve the surrounding living cells, causing 
their destruction or tU^generation, so that the harm is far out of 
proi)ortion with th(‘ immediate destructive effect of the radia- 
tion prop(‘r, tsspecially with penetrating forms of radiation, as 
X-rays and radium rays, in which the lesions are correspondingly 
decp-seatwl. 

High-frcqutmc.y radiation (violet, ultra-violet, X-ray) should 
tlun’tiforti biA us(‘d only under the direction of experts fully 
familiar with their pliysiologic-al action and danger. 

Tlie specific, action of higli-frequency radiation is still absent 
in the greiei, l)(‘gins sliglitly in the blue and violet, increases 
into tint ultra-violet and persists up to the highest frequencies of 
the X-rays. It is shared also l)y the radiation of the radio-active 
substaiie.es, as the alpha and iKsta rays of radium. Wliile the 
maximum of tliis (dfee.t probaldy also lies in the ultra-violet, 
from one to two oe/lavc's Ix'yond the visible spectrum, the 
effect is lu'ofouiully modified l)y the transparency or opacity of 
the tissue for ditTiu’tuit foupiencieR, and the character of the stimu- 
lating and i)alhologic.al effA'e.ts gixnitly depends on the depth to 
which the nuliation p(‘ii(d.ral.es tlic'. l)ody. 

The, largt'st part of the organism is water. Water is trans- 
])areni for visible light, b(;(iom(‘S more and more opaque in the 
ult,ra-V('d as w(‘ll as in tlu; ultra-violet, and is again fairly trans- 
])ari!nt for X-ra}’S. Blood is fairly transparent for the long 
visibl(A rays of ivd and yi-llow, l)ut nearly opaque for the shorter 
violet and ultni-viol(!t, rays. Hence next to the X-rays which 
can {)ass (iirough tlu' l)ody, the longest visible rays of red and 
yc'llow peJieii’jilt^ relatively deepest into the body, though even 
tli(‘y are pra(t1i(!ally absorbed within a short distance from ^ the 
surface. Thus while tlie energy maximum of the sunlight 
is in the ultra-red, the maximum physiological effect probably 
is that of the red and yellow rays : the same which are the active 
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rays in plant life. The violet and ultra-violet rays are absorbed 
close to the surface of the body by the blood, which is opaque 
for them. They can thus be made to penetrate deeper — as is 
done in their therapeutic use — by freeing the tissue of the body 
from blood by compression or other means. Even then, how- 
ever, ],:)roba])ly only the longest ultra-violet rays penetrate, the 
very short ones being kept out by the opaque character of the 
water in the tissue. 

The penetration of the radiation of the sunlight into the human 
body is very grc'atly reduced by acclimatization, which leads 
to the formation of a protective layer or pigment, more or less 
opaque to tins light. Such acclimatization may be permanent 
or temporary. Iku'mammt acclimatization has been evolved 
during ages by those races which developed in tropical regions, 
as the negro('s. They art! i:)r()tected by a black pigment under 
the skin, and tlu!r(!by (!an stand intensities of solar radiation 
wliieh would l)t! fatal to wliite men. A temporary acclimatiza- 
tion results from intvrmititint exposure to sunlight for gradually 
increasing periods; t.anning, and enables the protected to stand 
without liarmful (!lT('cts t!xposure to sunlight which would pro- 
duce s(!V(!r(! sunl)urn in tlu! uninntetited. This acquired protec- 
tion mostly W('ars oil in a.i(!w wcicks, but sopie traces remain 
even aft(!r y('ars. 

A slight, protc'c.tion by pigm(!ntation also c'xists in white men, 
and its dilTeivne.es lead to the obs(!rv(!d grc'ixt differences in sensi- 
tivity to solar radiuition ; l)iond(!S, who usually have very light 
]")igm(!ntation, ar(! more! susc{!ptil)l(! to suiibuin and sunstroke than 
the more! highly pignH!nt(‘d l)run(!tte p(!ople. 

In suiil)urn W(! probably hav(! two sciparatc effects super- 
inipos('d ui)on th(! oth(!i': that due to the energy of the solar 
radiation and the sp(*(!ific ciT(!(!t of tlie liigh frequencies, which 
to a small (!xt,ent au'. contaiiU!d in tlie sunlight. The two effects 
are fxroliahly son K! what diffc'.rent, and the high-frequency effect 
t(!n(ls mon! to cause inllammation of the tissue, while the ener^ 
offcct t(!n(ls towards tlu! produc.tion of pigmentation (tanning) , 
and the symptoms of sunlmrn tlius vary with the different pro- 
portions of en(!rgy radiadon anrl of high-frequency radiation as 
dc!pcnding on altitud(!, humidity of the air, the season, etc. 

30. The ac.tion of radiation on living organisms is stimulating 
if of moderate intensity, destriKjtive if of high intensity. Thus 


60 RADIATION, LIGHT, AND ILLUMINATION. 

it is analogous with, that of any other powerful agent or drug, 
as alcohol, caffeine, etc. The intensity of light which is destruc- 
tive to hfe largely depends on the amount of light to which the 
organism is accustomed. Those organisms which live in the 
dark may be killed by an amount of light which is necessary 
for the life of other organisms. Amongst the saprophytic bacilli 
for instance (the germs of putrefaction), many species hve in the 
light, and die, or at least do not multiply, if brought into the 
dark, while other putrefactive bacilli live in the dark and are 
killed by light. The latter also is the case with the pathogenic 
bacilli, that is, the disease germs, as the bacillus of tuberculosis, 
cholera, etc. As these live in the dark, the interior of the body, 
they are rapidly killed by light. Light, and radiation in general, 
therefore is one of the most powerful germicides and disinfect- 
ants. One of the most effective prophylactic measures, espe- 
cially against the diseases of civilization, as tuberculosis, etc. , thus 
is to flood our homes with light, especially direct sunlight, while 
our habit of keeping the light out of our houses by curtains, 
shades, etc., closing our residences almost light-tight, wlien 
leaving them for some time, converts them into breeding places 
of disease germs, and then we wonder about mortality. 

Obviously excessive light intensity ultimately becomes harm- 
ful even to the human organism, and it is therefore advisable 
to protect ourselves against the light when it becomes annoying 
by its intensity. It has even been claimed that the impossibility 
of white men to become permanently acclimatized in the tropics 
and the change in the temperament of the population of our 
countiy within a few generations from their immigration : 
the increased nervousness, restlessness and “ strenuousness, 
are the result of the greater intensity of the sunlight, especially 
its high-frequency radiation, compared with the more cloudy 
climate of our original European home. Whether this is th.e 
case remains to be further investigated. It is hard to believe, 
however, that such a profound effect should result from tlie 
exposure of a small part of the body, face and hands, to a more 
intense light, and the failure of acclimatization in the tropics 
could well be explained by the higher temperature and its damag- 
ing effect, while the change from Europe to America is not merely 
a change from a more cloudy to a more sunny chmate, but 
from a maritime climate, that is, climale having fairly uniform 
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and slowly changing temperatures, to a continental climate, 
with its rapid changes of temperature and enormous temperature 
extremes, and the difference between continental and maritime 
climate may be suspected as the cause in the change of the tem- 
perament of the races. 

As men have lived for ages in the light, the cells of the human 
body are far more resisting to the light than the disease germs, 
which for ages have lived in the dark; and light, and more 
particularly the high-frequency violet and ultra-violet radiation 
and the X-rays, thus have found a useful therapeutic application 
in killing disease germs in the human body. Thus, by expos- 
ing the diseased tissue to high-frequency radiation, the disease 
germs arc killed, or so far damaged that the body can destroy 
them, while the cells of the body are still unharmed, but stimu- 
lated to greater activity in combating the disease germs. As 
seen, for this purpose the radiation must be of sufficient intensity 
and duration to kill or damage the bacilli, but not so intense 
as to harm the ci'.lls of the body. Surface infections, as tubercu- 
losis of the skin Cse.rofulosis, lupus), thus are effectively and 
rapidly cured i)y high-free luency light. More difficult and less 
certain the effeud is if the infection is deeper seated, as then 
the radiation must penetrate a greater thickness of tissue to 
reach tlit'. ba(‘illi, and is thereby largely absorbed, and the danger 
thus exists that, bedore a sufficient intensity of_ radiation can be 
lu'ouglit to the seat of the infe(ition, the intensity at the surface 
of the tissue may bee,ome harmful to the cells of the body. In 
tills case the more pcuu^tratiug X-rays would be more applicable, 
as they (lan ixuuvtratc'. to any (hqitli into the body. They are, 
however, so far distunt in fretiucaicy from the light radiation, 
that the ae.ehmati/aidon of the body to the light radiation 
probalily exists only to a h^sscu- extent against the X-rap; that 
is the differeiKU', in the (Ujstructive effect on the bacilli and on 
th(' cells of the. body, on which tluj curative effect is based, prob- 
al)ly is less with tlu' X-rays than with the long ultra-violet waves. 

Sinc.(', Dr. Finsen introduced phototherapy and radiotherapy, 
some lAventy yciars ago, it thus has found a very extended and 

useful field, wiiJiin its limitation. 

This greater destrucitive action of radiation on micro-organisms 
thiiii on trlio. colls of the liumaii body, extends not merely to the 
pathogenic bacilli, but to all organisms hying in the dark. 
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Thus the spermatozoa — which biologically are independent 
living organisms — seem to be killed by X-rays before any 
damage is done to the body, and permanent sterility then 
results. Amongst the cells of the body differences seem to exist 
in their resistivity. It is claimed, for instance, that the sensory 
nerves are first paralyzed by violet radiation and that intense 
violet light can thus be used to produce local ansesthesia suf- 
ficient for minor operations. 

Occasionally the effect of light may be harmful in the relation 
of the human body to invading bacilli. In some eruptive in- 
fections, as smallpox, ulceration of the skin (leading to mark- 
ing) seems to be avoided if the patient is kept from the light, 
and the course of the disease mitigated. As red light, however, 
seems to have no effect, instead of perfect exclusion of light, 
which is not very feasible, the use of red light thus seems to offer 
an essential advantage. 
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combined in tbe compound, the silver bromide, etc., and this 
compound thus splits up, dissociates. The phenomenon, how- 
ever, must be more complex, as a simple resonance vibration 
would be especially pronounced at” one definite frequency^ the 
frequency of complete resonance, and rapidly decrease for higher 
and for lower frequencies. The chemical action of radiation on 
silver compounds, however, does not show such a response to any 
definite frequency, but, while strongest in the ultra-violet, ex- 
tends over the entire range from the frequency of green light 
beyond the ultra-violet and up to the highest frequencies of 
X-rays. That the chemical activity of radiation is some form of 
resonance, is, however, made very probable by the relation which 
exists between the active frequency range and the weight of the 
atom or molecule which responds to the radiation. Thus, while 
the fairly heavy silver atom (atomic weight 108 ) responds to 
rays near the violet end of the visible spectrum, the much lighter 
oxygen atom (atomic weight 16 ) responds only to much higher 
frequencies, to those of the physiologically most destructive rays, 
about one to two octaves beyond the visible spectrum. These 
very short radiations energetically produce ozone O3, from oxygen 
O2, probably by dissociating oxygen molecules 02,into free atoms, 
and these free atoms then join existing molecules: 0 -t- 0^ = O3, 
thus forming ozone. Possibly their destructive physiological 
action is due to this ability to cause resonance with the oxygen 
atom and thereby destroy molecular structures. 

32 . Response to the long waves of red and ultra-red light hhns 
may be expected from atoms or groups of atoms which are very 
much heavier than the silver atom, and this indeed seems to be 
the case in the action of radiation on the life of the plants. There 
the response is not by atoms, but by the much heavier groups of 
atoms, radicals of carbon compounds, which separate and recom- 
bine in response to radiations and thus produce in vegetable 
organisms the metabolism which we call life. 

The action of radiation on plant life thus seems to be a chemi- 
cal action, and this would be the most important chemical action, 
as on it depends the life of the vegetation and thereby also filie 
existence of animal life and, thus, our own. This action by which 
the vegetation converts the energy of radiation into chemical 
energy is related to the presence of chlorophyl, a green body 
which exhibits a red fluorescence. I show you here a solution 
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CHEMICAL AND PHYSICAL EFFECTS OF RADIATION. 

Chemical Effects. 

31 . Where intense radiation is intercepted by a body chemical 
action may result by the heat energy into which the radiation is 
converted. This, however, is not a direct chemical effect of 
radiation but an indirect effect, resulting from the energy of the 
radiation. i 

Direct chemical effects of radiation are frequent. It is such an 
effect on which photography is based : the dissociating action of 
radiation on silver salts, tlie chloride in ordinary photographic 
paper, thi^ bromid(5 and iodide in the negative plate and the quick 
printing papers. This chemical action is greatest in the violet 
and ultra-viokvt and chuireases with increasing wave length, 
hence is less in the greum, small in the yellow, and almost absent in 
thcj red and ultra-rtnl, so that the short waves, blue, violet and 
ultra-vioh'.t, havci s( )m<vtim(is l)een called ‘ ‘ chemical rays.” This, 
howevtu’, is a inisnonuo’, just as the term heat rays sometimes 
ai)pli(Kl to r(',d and ultra-md rays. In so far as when intercepted 
they are c,onv(a’t(!d into heat, all rays are heat rays, but neither 
the ultra-red nor any other radiation is heat, but it may become 
iKuit whtiU it (Hiast's to be*, radiation. Ihus all radiations are 
chemical rays, that is, prodiuu^ chemical action, if they strike a 
body whicli is r(^s|)onsive to them. 

The (*h(anic<ai ac/tion of radiation is specific to its frequency and 
seems to Vx'! some kind of a resonance effe(;t. We may picture to 
ourselves that th(i fre.(iu(',ncy of vil)ration of a silver atom is that 
of viol(3t or ultra-violet lig'ld', and therefore, when struck by a 
wavti of this fre<|U(;ncy, is set in vibration by resonance, just as a 
tuning fork is set in vil)ration by a sound wave of the frequency 
with which it e-an vil)rate,and if the vibration of the silver atom, 
in rcisponse to tlie freciuency of radiation, becomes sufficiently 
intense, it breaks away from the atom with which it is chemically 
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tlicrc'of in ahioliol This \is(^ of tlui euorf^y of mdintion o(‘.(‘,urs 
only in Ihosc^ |)arts of tlu^ plant in whic.h chlorophyl Is i)rc‘Hent, 
iis\ially shown l)y its g;r<‘(*n (tolor, that is, in ilu^ heaves and young 
stains. In those; plants in wliic.h tin; l(‘av(;s have; lost tlu'.ir (diloro- 
phyl in taking U|) otln'i* fiundions ~ as tlu; fuuc.tlon of proteotion 

against attack hy conveu'sion into spines in tlu; cac.ti -tlu; stems 

and trunks have ae-ipun'd the function of eiu'rgy su])i)ly from 
radiation, and show tlu; green (tolor of chlorophyl. Wlu;u the 
k'avesdii' in tlu' fall their chloroiihyl disappeairs and tliey change 
to yellow or red color. Those parts of th(‘ plants which c.ontain 
chlorophyl, mainly tlie kawes, take; carlion dioxide' (CO.J fremi 
the air through hreaithing eiiu'nings (stemuvta), ahseirb the; raeliei- 
tion, anel eumve'rt its C'tu'rgy into che'iuiead ene'rgy, and use; this 
energy in splitting up eir elisseiciating the; (’0,^, e;xhausting the 
oxyge'u {). and using the cearlion in pre>elue;ing the; comple'X eearhon 
(eompenmds eif tlu'ir structure': tilu'r fe;e'llukise‘), stiire;li, iirotn- 
{iliism, t'tc. The; e'lU'rgy of plant life thus is ele'rive'el frenn raelia- 
tiem anel tlu'ir work is eonstrucdlve; or syntheetic;, that, is, the;y 
proelu(;e e;ompk'X edu'inie.al e-nmiiounels from simple; one's: the 
e;arhou elloxide of tlu; air, the; nitrate's and phosjihate's of the soil, 
I'tc. Inve'i’se'ly, the' aninuil orgsinism is an.'dytie;, it e;onve'rts tlie 
eelu'inical e'lu'rgy eif e;omi)k‘X compounds into nu'e'hanic.al and 
lu'at e'tu'rgy hy splil ting them into simpler e;ompounds, burning 
tlu'in in die lungs or gills. I'or the supply of nu'chaniceil e'lu'rgy 
which mainl.'uns the- lile, the' animal orgeinism thus di'pi'tuls upem 
till' synthetic work of the' ve'gi'tation by consuming eis fooel tli|; 
comph'X c.oinpoutuls e;onst ructi'd by the; |)l:uils Irom tlu; eeiu'rgy 
of raeliafion. eitlu'i* dire'cl ly (ve'ge'tnrinjis), or indireeitly, liy e'eding 
ollu'r anini.-ils, which in tlu'ir turn live; on the' ve'ge'tation. Thus, 
while tlu' plants tedvc in frenn the' air carbeni ehoxide' (X).,, e'xhaust 
the; oxyge'ii and e-onveat the' (1 int.o comph'X ee.mpenmels, the 
animal takes in eixygc'n 0.„ by it burns up the' eeemiih'X carbon 
cennponnels ih'riveul Irom the; plants, and e'xhausts ( X),, as pioeluct 
eif combustion, but in its ultinuite ri'snlt., eill life; eni the' e'jirlh ele- 
pe'uds for its e'lU'rgy on nuliiition, which is made; ;»,vailabh; in the 
|)la.nls liy e-onversum to chemii'al e'lu'rgy anel use'd as such by the 
animals. 

The* nieliat ions whie;h supply the' e'lu'rgy of plant life, preibably 
are' the' long waxu's of ye'llow, red eind ultra-re'el light., while the 
short weive'S of lilue;, viokd, anel ultra-vieilet cannot lie useiel by the 
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plant, but are harmful, kill the vegetation. This can easily be 
understood : to the Icjiig waves of red and yellow light the atoms 
do not respond, but only tlie much heavier groups of atoms or car- 
bon radicals, and these thus separate and recombine and thereby 
constitute what we c;all life. To very short waves, that is, high 
frequencies, these heavy groups of atoms cannot respond, but 
single atoms would respond thereto and thus by their separation 
break up and d{‘stroy the atomic groups. That is, the resonant 
dissociation produced by low freciiiency of radiation extends only 
to the groups of atoms and thereby results in their separation and 
recombination to h(?avier molecules: life, while the resonant dis- 
sociation produced by high frequencies extends to the atom and 
thereby splits up arul destroys the molecules of the living organ- 
ism, that is, death, TlicTcdore the short waves of radiation, 
green, blue, etc., which are more or less harmful to plants, are 
not used but are rcdiecdx'd by the chlorophyl; hence the green 
color. To sonu; extemt violcit radiation is absorbed by chloro- 
phyl, but it is qiK'stionabh^ wlKjtlur the energy of violet ligbi 
directly coritributes to the* chemical action, and it is rather 
probable tliat tlu» violent radiation is converted into red light by 
fluorescence — chlorophyl fluoresces red — and used as red 
light. Excessive viuh't radiation seems to be harmful. 


PhysicM Effects. 

33. Some of tin* most interesting physical effects of radiation 
arc; those by which it is (!onvc;rtcd into another form of radiation : 
(iuorcscencci and pliosphor(\se(inc,e. 

Many substanciis Iiave the property of converting some of tbe 
radiation wliich is absorbed by them into radiation of a different 
wave length, tluit is, act as frc'-cpiency converter of radiation, 
JluoreHcencG, Many bodies when exposed to radiation store some 
of the energy of radiation in such a manner as to give it out again 
afterwards and thus, after c'-xposure to light, glow in the darkness 
with gradually dcicrcasing intensity, phosphorescence. These 
phenomena probably belong to the least understood effects 
of radiation. They are very common, but phosphorescence 
usually lasts such a short time that it can be observed only 
by special apparatus, although a few bodies continue to phos- 
phoresce for hours and even days. Fluorescence also is usually 
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so weak as to escape notice, although in a few bodies it is very 
strong- 

The change of frequency in fluorescence always seems to be a 
lowering of the frequency, that is, an increase of wave length, and 
in phosphorescence also the light given out seems always to be 
of lower frequency than the light absorbed and indeed, fluores- 
cence and phosphorescence seem to be essentially the same 
phenomenon, radiation is absorbed and its energy given out again 
as radiation of lower frequency and that part of the returned 
radiation which appears during the absorption we call fluores- 
cence, that part which appears later, phosphorescence. There is, 
however, frequently a change of the color of the light between 
fluorescence and phosphorescence and also between phosphores- 
cence immediately after exposure to light and some time after- 
wards. For instance, some calcite (calcium carbonate or lime- 
stone) fluoresces crimson, but phosphoresces dark red. The 
phosphorescence of calcium sulphide changes from blue in the 
beginning to nearly white some time after, etc. 

Due to the change of frequency to longer waves the longest 
visible rays, red, orange and yellow, produce no fluorescence or 
very little thereof, as their fluorescent and phosphorescent radia- 
tion would usually be beyond the red, in the invisible ultra-red. 
Blue, violet and ultra-violet light produce the most intense 
effects, as a lowering in frequency of these radiations brings them 
well within the visible range. 

Ultra-violet light is best suited for studying fluorescence as it is 
not visible, and thus only the fluorescent light is visible; white 
light, for instance, does not show the same marked effect, since the 
direct white light is superimposed upon the light of fluorescence. 
Most brilliant effects, however, are produced by using a source of 
light which is deficient in the frequencies given by fluorescence 
and then looking at the fluorescent body through a glass having 
the same color as that given by fluorescence. Thus the least 
traces of red fluorescence can be discovered by looking at the 
body through a red glass, in the illumination given by the mer- 
cury lamp. As the mercury lamp contains practically no red 
rays, seen through a red glass everything appears nearly black or 
invisible except red fluorescent bodies, which appear self-lumi- 
nous, glowing in a light of their own, and appear like red hot 
bodies. 
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In the illnmination given by the mercury lamp I here drop a 
few drops of a solution of rhodamine 6 G, rhodamine R and 
uranine (aniline dyes) into a large beaker of water. As you see, 
when sinking down and gradually spreading, they appear — 
especially against a dark background — as brilliant luminous 
clouds of orange, red and green, and seen through a red glass 
they appear like clouds of fire. I change to the illumination 
given by the incandescent lamp and all the brilliancy disappears, 
fluorescence ceases and we have a dull red colored solution. I 
show you here the sample card of a silk store of different colored 
silks. Looking at it through a red glass, in the mercury light all 
disappear except a few, which you can pick out by their lumi- 
nosity: they are different colors, pinks, reds, heliotrope, etc., but 
all containing the same red fluorescent aniline dye, rhodamine. 

A glass plate coated with a thick layer of transparent varnish, 
colored by rhodamine, appears like a sheet of red hot iron in the 
mercury light, especially through a red glass, while in the light of 
the incandescent lamp it loses all its brilliancy. 

This solution of rhodamine 6 G in alcohol, fluoresces a glaring 
orange in the mercury light, in the light of a carbon arc lamp (.or 
in daylight) it fluoresces green and less brilliant. Thus you see 
that the color of the fluorescent light is not always the same, but 
depends to some extent on the frequency of radiation which, 
causes the fluorescence. 

Here I have a sheet of paper covered with calcium sulphide 
and a lump of willemite (zinc silicate) and some pieces of calcite. 
As you see, none of them show any appreciable fluorescence 
in the mercury light. But if I turn off the mercury hght, the 
calcium sulphide phosphoresces brightly in a blue glow, the others 
do not. Now I show you all three under the ultra-violet rays of 
the condenser discharge between iron terminals, or ultra-violet 
lamp (Fig. 11) and you see all three fluoresce brilliantly, in blue, 
green and red. Turning off the light all three continue to glow 
with about the same color, that is, phosphoresce, but the red 
fluorescence of the calcite very rapidly decreases, the green glow 
of the willemite a little slower, but the blue glow of the calciuixi 
sulphide screen persists, decreasing very little. I now hold lany 
hand back of it and close to it and you see the picture of the hand, 
appear on the screen by an increase of the luminosity where loy 
contact with the hand the temperature of the screen was slightly 
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raised, thus showing the effect of the temperature rise in increas- 
ing phosphorescence. 

These substances which I show you, calcium sulphide, cal- 
cium carbonate (calcite), zinc silicate (willemite), are not fluo- 
rescent or phosphorescent themselves, but their luminescence is 
due to a small percentage of some impurities contained in them. 
Chemically pure substances and concentrated solutions of the 
aniline dyes, or these dyes in their solid form, do not show the 
luminescence, but only when in very diluted solutions; that is, 
luminescencic as fluorescence and phosphorescence seems to be 
the property of very diluted solutions of some substances in 
others. Thus a sheet of pai)er or cardboard colored red by 
rhodarainci does not fluoresce, but if a small quantity of rhoda- 
mine is addi^l to some transparent varnish and the paper colored 
red by a lieavy layer of this varnish it fluoresces brightly red. 

To show you the fluor(‘, scent s|)ectrum, I have here a mercury 
lamp surroundcMl by a very diluted solution of rhodamine 6 G, 
and somci rhodamine II, (jontaincHl between two concentric glass 
cylinders. As you sec;, through the spectroscope a broad band 
appears in tlu; r(;d ancl the grcnm light has faded considerably. 
You also noticjc; that the; liglit of this lamp, while still different 
from white; light, do{;s not give; anything like the ghastly effect of 
human fac(;s,as the; plain m(;r(;ury lamp, but contains considerable 
red rays, though not yc'.t taiough. I also show you a mercury 
lamp surround(;d l)y a S(;r(;t;n of a v(;ry dilute solution of uranine: 
you S(;(;, its light is l)right gr(;(;nish y(;llow, but much less ghastly 
than tlu; plain nu;r(‘,ury light and the si)(;ctroscope shows the 
mcu'C’.ury lines on a fluor(;s(;(;nt speC/truin, which extends as a con- 
tinuous luminous bfind from the gr(;(;n to and b(;yond the red. 
You also s(h; that with this uranine scimon the mercury lamp 
giv(;s meue; light than without it: considerable of its ultra-violet 
and vioU;t light/ is (;onv(;rt(;(l to yellow and thereby made visible 
or more (;ffe(!tive. 
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TEMPERATURE RADIATION. 

34. The most common method of producing radiation is by 
impressing heat energy upon a body and thereby raising its tem- 
perature. Up to a short time ago this was the only method avail- 
able for the production of artificial light. The temperature is 
raised by heating a body by the transformation of chemical 
energy, that is, by combustion, and in later years by the trans- 
formation of electric energy, as in the arc and incandescent 
lamp. 

With increasing temperature of a body the radiation from the 
body increases. Thus, also, the powe'r which is required to main- 
tain the body at constant temperature increases with increase of 
temperature. In a vacuum (as approximately in the incandes- 
cent lamp), where heat conduction and heat convection from the 
radiating body is excluded, all the power input into the body is 
radiated from it, and in this case the power input measures the 
power of the radiation. 

The total power or rate at which energy is radiated by a heated 
black or grey body varies with the fourth power of its absolute 
temperature, that is. 

If A = surface area, = absolute temperature of the radia- 
tor and Tj = absolute temperature of the surrounding objects 
on which the radiation impinges : the total power radiated by the 
body is (Stefan’s Law) : 

P, = kA - P/), ( 1 ) 

where for a black body, as the carbon filament with P,.giveri 
in watts per square cm., k is probably between 

5 X 10-12 a^iicl 6 X 10-12; (2) 

Pj is usually atmospheric temperature or about 300 degrees abs. 

If P^ does not differ much from T^, that is, when considering 
the radiation of a body raised slightly above the surround - 
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ing temperature, as an electric machine, equation (1) can be 

written : 

Pr = kA (T, - T,) + T/); 

or, approximately, 

Pr - 4 hAT^ (T^ - T), (3) 

where T is the room temperature (T^ — T) the temperature rise 
of the radiator above room temperature; that is, for moderate 
temperature differences the radiation power is proportional to 
the temix'rature rise. 

This e(|uation (3) gives the law .generally used for calculating 
temperature rise in electric machinery and other cases where the 
temperaturci rise is niochu’ate. Obviously, in air the power given 
off by th(', hcMited body, P, is greater than the power radiated, Pr, 
due to heat convection by air currents, etc., but as heat conduc- 
tion and (u)nvci(‘,ti(ui also are approximately proportional to the 
temperatim; rise, as long as the latter is moderate, equation (3) 
can still be used, l)ut with the numerical value of k increased to 
k^ so as to include the heat conduction and convection: in 
stationary air k^ roaches values as high as /q = 25 X to 
50 X lO"*®. 

As soon, how(W('r, as the temperature rise (T^ - T) becomes 
comp!ind)l(^ witli the al)Solute temperature T, the equation (3) 
can no longcu’ 1)0 used, but the complete equation (1) must be 
uscid, and whcui the tenii>erature of the radiator, T^, is very much 
great(‘r tluin the surrounding temperature T^, T* becom-es negli- 
gible comi)ar('d with T/ and equation (1) can, for high tempera- 
tures, thus 1)(^ approximated by: 

Pr - /cATd; (4) 

That, is, tlie radiation i)ower, as function of the temperature, 
gradually changes from |)roportionality with the temperature 
risep at low temperature; rise, to proportionality with the fourth 
power of the; t,emi)(;niture for high temperature rises. 

Inveu’sedy them, witli increasing power input into the radiator 
and thus incr(;asing radiation power, its temperature first rises 
proportional i,o the |)ow(;r input and then slower and ultimately 
approaches proportionality with the fourth root of the power 
output: 
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In Fig. 27 is shown the radiation curve, with the temperatures 
T as ordinates and the radiated power Pr as abscissas, the upper 
curve with 100 times the scale of abscissas. 

Thus, to double the temperature rise, from 10 deg. cent, to 20 
deg. cent., requires doubling the power input. To double, how- 
ever, the temperature rise, from 1000 deg. cent, to 2000 deg. cent., 
requires an increase of the power input from 1273^ to 2273^^ or 
more than ten fold. At high temperature the power input, there- 
fore, increase enormously with the increase of temperature. 



Fig. 27 . 


With bodies in a vacuum, the radiation power is the power 
input and this above law can be used to calculate the tempera- 
ture of the radiator from the power input. In air, however, a 
large part of the energy is carried away by air currents, and 
this part of the power does not strictly follow the temperature 
law of radiation, equation (1). For radiators in stationary air 
(that is, not exposed to a forced blast, as the centrifugal blast of 
revolving machinery), the total power input for high tempera- 
ture (as expended by radiation and heat convection) varies with, 
a high power of the temperature, so that the radiation law equa- 
tion (1) can still be used to get a rough approximation of the 
relative values of temperatures. 

It, therefore, is not permissible to assume the temperature rise 
as proportional to the power input as soon as the temperature 
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rise is considerable and ('.von in tdcH'.trical apparatus of fire-proof 
construction as sonic rheostats, etc,., where a higher temperature 
rise is permitted, the calculation of this temperature rise must be 
approximated by the general law (I) and not the law of propor- 
tionality (3), as the lattm* would give entirely wrong results. 
For instance, assuming a t('m])('rature rise of 50 deg. cent, per 
watt per sq. in. a cast silie.on rod, which — at bright incandes- 
cence-can dissipate 200 wat ts per sq. in. would give by (3), a 
temperature rise of 10,000 d('g. (U'lit. This obviously is impos- 
sible, as silicon nu'lts at aliout IlOO deg. cent. 

35 ! With increasing tcunixuatairt^ of the radiator, the intensity 
of the radiation ine.reases, and at the same time the average 
frequency of radiation also ine.r(‘as(is, that is, the higher frequen- 
cies increase mor(^ rapidly than (he lower frequencies and higher 
and higher fre(iu('neies appt'ar, until ultimately freciuenoies are 
reached whcrci th(^ radiation bee.onuw visible to the eye, as light. 
When with increasing timqii'raturi^ the radiation just begins to be 
visible, it appears iis a faint colorless grey, “gespenster gran” 
exhibiting the sanu'- weird and indistinct appearance as are seen 
at higluu' intensiti(;s in ihci monoc.hromc blue and violet radia- 
tions; that is, we see a faint, grey light, but wlien we look at it, it 
has disappcuirinl : the reason is (hat (.he, sensitivity of the sensitive 
spot of the (lye lor v(M’y faiid. light, is Ic'hh tluin that of the surround- 
ing retina and th(‘, lirsi, glimnu'r of light thus disappears as soon 
as we focus it on the simsilivu! spot.. With increasing tempera- 
ture, first th (5 low(>st of t lu' visit )l(^ frtu pienc.ies appc^sir and become 
visible as red liglit., and with still furldicu- iiu'.reaso of temperature 
gradually orangep ydlow, gnum, l)linq violet and ultra-violet rays 
appear and t.lu! color thus eluuiges from red to orange, yellow, 
yellowisli whitt; and then white, tin' latter at that temperature 
where all thc‘. visible, radiations an'. ])resent in the same propor- 
tion as in daylight,. With still furt,h<ir increase of temperature, 
the violet end of tins spec.truni wouhl increase faster than the red 
end and the light, thus shitt. t,o bluisli wliite, blue and violet. 

The invisil)ilit,y of tlu' radiat ion of low temperature is not due 
to low intensitv. 1 have; herc^ an iiKumdescent lamp at normal 
brilliancy. If I dee.rease the i)ow('r input and thereby the radi- 
ated power t.o Tjh it IxHioines invisible, but if we move away from 
the lamp to KFtinu's t.lie prf'vious flLstance, we get only T^^y ^he 
radiation reaching our eyi'S and still the light is very plainly 


74 


RADIATION, LIGHT, AND ILLUMINATION. 


visible. The invisibility in the former case, thus, is not due to low 
intensity, but to low frequency. 

The fraction of the total radiation, which is visible to the eye 
as light, thus increases with the increasing temperature, from 
zero at low temperature — where the radiator does not give 
sufficiently high frequencies to be visible — and very low values 
when it just begins to be visible as red light, to a maximum at that 
temperature where the average frequency of the radiation is in 
the visible range, and it would decrease again for still higher 
temperature by the average frequency of radiation shifting 
beyond the visible into the ultra-violet. The efficiency of light 
production by incandescence thus rises with increasing tempera- 
ture to a maximum, and then decreases again. If the total 
radiation varies with the fourth power of the temperature, it thus 
follows that the visible radiation first varies with a higher power 
of the temperature than the fourth, up to the maximum efficiency 
point, and beyond that increases with less than the fourth power 
of the temperature. The temperature at which the maximum 
efficiency of light production by incandescence occurs, that is, 
where the average frequency of temperature radiation is in the 
visible range, probably is between 5000 and 8000 deg. ccmt. and 
as the most refractory body, carbon, boils at 3750 deg. cent., this 
temperature thus is unattainable with any solid or liquid radiator. 

Most bodies give approximately the same temperature radia- 
tion, that is, follow the temperaturt; law (1), differing only by the 
numerical value of the constant /c; that is, with increase of 
temperature the radiation intensity increases and the average 
frequency of radiation increases in the same maimer with most 
solid and liquid bodies, so that at the same temperature all the 
bodies of normal temperature radiation give the same radiation 
curve; that is, the same distribution of intensity as function of 
the frequency and thus the same fraction of visible to total radia- 
tion, that is, the same efficiency of light production. 

If T is the absolute temperature in deg. cent, and the wave 
length of radiation, the power radiated at wave length and 
temperature by normal temperature radiation is : 

h_ 

P (O == 1 (Wien’s law) ; 

0^^ -a( +A 

P (lyj) = Cj^Aly, \e (Planck’s law); 
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where a - o for norinal tc'niperaiun' riuUalion or Hack body 
radiation: h - 1.42, and d - surl'ac.e an ‘a of tk(; radiator. 

Intc'grating; th(i fonnnla of Wieii’n law ovc'r Iw from 0 to oo, 
gives the total radiation; 

»/() 

thus, for a ■ - 5 ; 

P - cATp 

or, Stefan’s law, as diseusstHl above;. 

The maximum taiergy ratv at. tem{>erature T oee.urs at tin; wave. 
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With normal f(‘m|H*ni(ure radiation the efiieienay ol ligdit pro- 
(Undion is tlms merely a function of the banperalure and dotai 
not d(‘pend niton the material of the railiatifig body, providetl 
that th(‘ material is .suih as to withstand tin- temp('r!itiirt‘. 

As file etiicieiicy maximum of normal temiperature radialioji is 
far Inyond tin* attainable, within the ranye of tempera, I. ore avail ■ 
abh; up to the Itoiliny point of carbon, the ellicicncy i>! liyht. pro- 
duction by inc.auih'.scence (tout iniiously increases, but even then 
tlu' t»cla,ve of visible nidiation is ,at the bir upper end of the radia - 
tion curve, and thus the probhan ol i‘trieienl light production its 
to op(‘rale the raditilor a,t. the highest, possilile temper.ature. 

The etlicicmcy of light protluctiftn is rather low even at. the 
niaximmn efliciency point, Ih.at is, with the avera,ge lre<|uency ol 
ra<liation in the visilih* rangig siniM- this vi.sible nmge is hvs l.h.an 
one octave; under thust; most lavorable c.ondilion.s the. visible 
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energy probably does not much exceed 10 per cent of the total 
radiation, the rest falls below and above the visible frequencies. 

36. At the highest attainable temperature, the boiling point 
of carbon, the efficiency is much lower, probably below 10 per 
cent and this would be the highest efficiency attainable by normal 
temperature radiation. It is utilized for light production in the 
carbon arc lamp. The carbon arc flame gives practically no 
light, but all the light comes from the incandescent tips of the 
carbon electroties, mainly the positive, which are at the boiling 
point of carbon and thus give the most efficient temperature 
radiation. 

Obviously, in the carbon arc lamp a very large part of the 
energy is wasted by heat conduction through the carbons, heat 
convection by air currents, etc., and the total efficiency of the 
carbon arc lamp, that is, the ratio of the power of the visible 
radiation to the total electric power in|)ut ini;o the lamp, thus is 
much lower than the radiation efficiency, that is, the ratio of the 
power of the visible to the total radiation. 

Thus the efficiency of the carbon arc is considerably increased ' 
by reducing the loss by heat conduction, by the use of smaller 
carbons — the life of the carbons, however, is greatly reduced 
thereby, due to their more raj^id combustion. 

The carbon arc lamp thus gives the most (dfident incandescent 
light, as it operates at the higliest temi)erature, the boiling point 
of carbon. But by doing so the radiiitor is continuously con- 
sumed and has to be ft;d into the arc. Tliis r(V|uires an operating 
mechanism and becomes fcuisible only with large units of light. 

To attain the highest possibki efficiency of light firoduction by 
temperature radiation with a permanent radiator, thus requires 
the use of extremely refractory bodies, since the efficiency in- 
creases with the increase of the temperature, and is still very 
low at the melting point of platinum. 

To exclude all the losses of energy by heat conduction and 
heat convection, the radiator is enclosed in a vacuum, so that all 
the power input is converted into radiation. Even in this case 
the efficiency of light production is still relatively low. 

The vacuum used in the incandescent lamp, thus, is not only 
for the purpose of protecting the filament from combustion. 
Filling the globe with some gas which does not attack the carbon 
would do this and yet it would very greatly lower the efficiency, 
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as can be seen by admitting air into the lamp bulb, when the 
filament drops down to dull red heat, before it burns through. 
However, the presence of an indifferent gas of low heat capacity 
may lower the evaporation of the filament and so permit operation 
at higher temperature, and the gain in efficiency more than makes 
up for the increased losses, as in the gas filled tungsten lamps. 

A search, thus, has Ixsen made and is still being made, through- 
out the entire range', of existing bodies, for very refractory mate- 
rials. Such materials may be chemical elements or compounds. 
However, the comlnnation of a refractory element with one of 
V(iry much lower inedting point lowers its melting point, and very 
refractory compounds, thus, may be expected only amongst the 
combinations of very refnictory elements with each other. 

The chemic.al tdtmumts, arranged in order of their atomic 
weight, exhibit a periodicity in their properties which permits 



Fra. 28. 


a systematic', study of tlndr profxn’ties. In diagram Fig. 28 the 
cdeuKuits arc! iirrangcHl in order of their atomic weight in the 
“periodic system.” 

The ludght of tlu'ir melting point is iudiciated by the daikness 
of the Ijae.kground. That is, tlu'. most refractory elements, 
wolfram and carbon, arci sliown on black background. The ele- 
ments of somewluit lower imdting point are shown on cross 
shadcal Irackgroimd. „ Inversely, the elements of the lowest melt- 
ing point, mercury under the metals and helium under metal- 
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loids, are shown on white background, and the easily fusible 
metals and gaseous metalloids on lightly shaded background. 

As seen, there are two peaks of reb’actoriness, one amongst the 
metalloids, in carbon, and one under the metals in wolfram (or 
tungsten), and around these two peaks all the refractoiy elements 
are grouped. Inversely, there arc also two depressions, or points 
of minimum melting point, in helium under the metalloids, 
around which all the gaseous elements are grouped, and in mer- 
cury under the metals, around which all the easily fusible metals 
are grouped. 

It is interesting to note that the melting point rises towards 
wolfram from both sides, as diagrammatically illustrated at the 
top of Fig. 28, in such a manner that the maximum point 
should be expected in the space between wolfram and osmium 
and the unknown clement, which belongs in this space of the 
periodic system, thus should be expected to have still a higher 
melting point than wolfram, and thus give a higher efficiency of 
light production. 

As metal alloys almost always have lower melting points than 
their most refractory element, very rcfra<;tory compounds thus 
may be expected only in the compounds bedween the very refrac- 
tory elements, in which at least one is a mc'talloid, that is, amongst 
the carbides and borides and possibly silicich's and titanides. 

37. Some of the earliest work on incandciscicait lamps was 
carried out with metal lilaments. Platinum and iridium, how- 
ever, were not sufficiently refractory to give good efficiencies, and 
the very refractory metals were not yc't jivailable in sufficient 
purity. A small percentage of impuritif's, liow(‘ver, very greatly 
lowers the melting point, (!S})e(!ia]ly with nud-als of very high 
atomic weight. For instance, wolfram (jjirbide contains only 
3 per cent of carbon and 97 per cent of wolfram and even 0.1 per 
cent of carbon in wolfram metal thus means that over 3 per cent 
of the metal consists of the easily fusible car])ide. 

Very soon, therefore, metal filaments were abandoned and car- 
bon used as lamp filament. While carbon is the most refractory 
body, remaining solid up to 3750 deg. cent., it was found that the 
carbon filament could not be operated much above ISOO deg. cent, 
without shortening the life of the lamp below economic limits by 
the evaporation of the carbon and the resulting blackening of the 
lamp globes. All bodies evaporate below their melting point. 
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Thus water evaporates (uuisi(leral)ly Ixhow the boiling point and 
even below the frta'zing point: i(H‘ and snow gradually disappear 
by evaporation even if the tiunix'rature nev(‘r risc's^ above; the 
nielting point. Consulerablt* dilter(*n('t*s, hov(*vei, t‘xist between 
different liodies rt‘garding their ratt' of e'vapt )nition. Thus water 
and benzine have pnudieally the same bt)iling point, but at the 
samedistanee below the boiling point, benziiu; (‘vaporates much 
faster than water; tliat is, has ii inueli iiigh(‘r vapor tension. 
Carbon has a very high vapor tension, that, is, shows a very rapid 
evaporation far Ixdow the boiling ])c)int, and since in the incan- 
descent lamp the; cuirbon vapor condemses and is dc'positcHl on the 
globe and carlion is l)lac-k, it blackcnis thc‘ globe; and obstiiuc.ts tlic. 
light. Also, the decr(‘ase of the' tilament sc>ction by evaporation 
increases its resistance and tlu'reljy deerc'ases the powc'r eonsurni)- 
tion and so still furthcu' lowem the etrudemey. While;, therefore, 
carbon n'lnains solid u|> to d7ot) deg. e.ent., at about ISOO deg. 
cent, its rate; of ewaporation is such as to lowc'r the; candle iiowcsr 
of the lami) by 20 p(*r c;ent in ffOO hr. life, and at this temiiera- 
ture it gives only an outtnit of one* candle; power for 3.1 watts 
input. ()pc*rating the; carbon fihune'iit at higher tc*mpe;rature 
would ine;rease; the; ehlciency and thus ivduce* the; cost of emerge 
for the; same* amount of light , but would de'cnnse; the; use‘ful life 
of the lain|) and, th(‘n*fore‘, incrt'ust* the c,ost. ot lamp renewals, and 
the; most e*e;onomical operation, eis detes'inineel by bedeincing the; 
e;ost of lamp r(‘ne*walH against the* co.sl, of eiu'rgy. Is re-aclu'd by 
ope'rating all such tempe*r;Ltures tliat the; candle; ])o\\ei ol the; lamp 
de;e;rease>s by 20 jierc.ent within r^tlO hr. lift*. The life; of a lamp 
down to a eiecri'a.se* eif candle* powe*r by 20 per cent , thus, is c.alle'el 
the; useful life',anel whe‘nt;omparing the ehieieneies ol ine'anelesee*nt 
lamps it is essentud to coiniiure* tlte*m on tlie baais of the; sjitne 
le'ngth e)f nse‘ful life*: dOO hours witli the* e*arbem lilanu'iit, siuete 
obviemsly hy sheirtoiiing the* lite highe*r efrie’ie‘m;ies (eeiulel he 
re'ae;he*el in any ineanele*se;e‘nt him]), 'fhe* e)j)e*rating te'mpeniture 
of the; e*arhonVdame‘tit lamp, thus, was limite-el by the* vapor te-n- 
siem of caiijein and not by its beoiiing point. 

This limitation eef e;arbein h'atl te) tin* re'vival e)t the* ine;tal Ida- 
ment lainjis in ree’e'iit years, hirst arrived the* osmium lamp, 
with l.d wat ts ] )i*r e'andle power, d he* melting peoint e»f eesmium is 
very high, ])ut .still vewy mne*h below tluit oi e*a,rl)on, lent, the; vajeeir 
teiisieen of e)smium is ve'ry le)W e*ve*n e*los(* ie) its nu*lting iteiint, se) 
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that osmium could be operated at temperatures far closer to its 
melting point without appreciable evaporation; that is, without 
blackening and falling off of candle power, or, in other words, 
could be run at a temperature from which carbon was excluded 
by its too rapid evaporation. Osmium, however, is a very rare 
metal of the platinum group, and found only in very limited 
quantities in very few places and is one of those substances of 
which no search could very greatly increase the supply, and while 
one pound of osmium is sufficient for some 60,000 filaments, the 
total amount of osmium which has over been found on earth 
would not be sufficient for one year’s siqjply of incandescent 
lamps. Osmium, tlicrefore, was excluded from general use by its 
limited supply. 

The metal tantalum docs not seem to have quite as high a melt- 
ing point as osmium, as it can operatcKl only at 2 watt^ ,per 
candle powcu’. Tantalum also is a veay rare metal, but, unliko 
osmium, it is found in veay many iiaces, though in small quan- 
tities, but it is one of thosc^ sul:)stancos, like tin; rare (aiitli metals 
used in the W(isl)ac]i mantle, of whi(ii it s(Hims that the supply 
could be indeyfinitely incmased whem rcniuinMi by the industriow 
and the ])ri(‘.es thus would go down with the dernand, just as has 
been the case with th(‘ rart; ('[Ulhs of tlie Welsbach mantle. 

Last of all, however, was made availabk'. the most refractory of 
all metals, wolfram or tungsten, and ixu-mitted to lower the specific 
consumption to 1 to 1.25 watts and finally, in the gas filled lamp, 
to less than 0.5 watts per candle power. Wolfram melts far lower 
than carbon, proliably at', aliout 3200 deg. cent., but far above tht^ 
temperature to which tlie cai'bon filament is limil.ed l)y evaporn- 
tion, and having practically no vapor tension Ixdow its melting 
point, it can be operated far above the temperature of the carbon 
filament, and thus gives a much higher efficiency. Tungsten (oi: 
rather wolfram, as the metal is calkal, tungsten is the name of its 
ore) is a fairly common metal, its salts are industrially used to a 
very large extent for fire-proofing fal irics and its supply practically 
unlimited. 

These metal filaments tlius differ from the (!arbon filament in 
that their temperature is limited ly tludr melting point and not 
by evaporation, as is tiie cas(:‘ witli the c.arbon filament, and thus 
their useful life is usually ended by the destruction of the filament 
by melting through at some weak spot, but not by blackening. 
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ture coefficient of electric resistance, metallic luster and elasticity 
and very low vapor tension, so that it can be run at higher tem- 
perature corresponding to a specific consumption of 2.5 to 2.6 
watts per candle power, with very little blackening. These metal- 
lized carbon filament lamps exhibit characteristics similar to the 
metal filament lamps; their life is largely limited by breakage 
and not by blackening. 

Whether hereby the possibiliti(\s of carbon are exhausted or 
still more stable forms of carbon will be found, which permit 
raising the filament temperature as near to the boiling point of 
carbon as the temperature of the wolfram filament is to its melt- 
ing point * and thereby reach an efficucmcy superior to that of the 
tungsten lamp, remains to be seen, but does not appear entirely 
impossible. Carbon exists in a numbcjr of “allotropic” modifi- 
cations of very different cliaracdcn’istic.s (similar to phosphorus in 
“yellow phosphorus,” “red pliosphorus” and “metallic phos- 
phorus”) to a greater extent than any other element, probably 
due to the tendency of the carbon atom to j()in with oth(;r carbon 
atoms into chains and rings, which tendency is the case of the 
infinite number of (iarbon compounds. Thcisci form two main 
groups; the chain carbon d(uivat('S (methane-dcuivatcs) and the 
ring carbon derivates (benzol derivates). dhe latter are far 
more stable at high temperatures, since tlui breakage of the mole- 
cule by temperature vibration is ksss lial)le in a ring structure 
than a chain; a single bn^ak splits the molecide in a chain forma- 
tion, while with a ring formation it still holds together until the 
break closes again. Cliain hydrocarbons at higher temperatures 
usually convert to ring hydrocarbons. It is, thendorci, reasonable 
to assume that the carbon skeleton Icdt by the c-a,rbonization of 
the hydrocarbons also may exist in either of the; two characteris- 
tic atomic groupings; as chain (uirbon and as ring carbon, and 
that the latter exhibits a much gr(;at(.;r stability at liigli tempera- 
ture than the former, that is, a lowt;r va[)or tt;nsion. Cellulose 
is a chain hydrocarbon, and as in carbonization it never passes 
through a fluid state, the molecular structure of its carbon atom 
probably remains essentially unchanged. Thus the base fila- 

* As carbon boils, at atmospheric pressure, IjcIow its melting point, and the 
limiting temperature is that at which the filament ceases to be solid, with 
carbon the limit is the boiling point temperature, while with tungsten it is 
the melting point. 
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These filfiiiu'iit lunijhs do not l)la('.keii tli(5 globe, except when the 
vacimin is ddectivt' or becoinc's defe(!tiv(', and by the residual 
gases in tlu' hiiup giolx^ volat ile! eoin|)ounds are formed, as tungs- 
ten oxide's, whie'h them ele'posit on the! glo])e! and terminate the 
life of the! lam|). Kve'ii tln'ii lludr Idaeekeeniiig is eiharacteristically 
different fretm that eef t.he‘ (!arl)on filament, in that it occurs very 
rapidly, and the' lamp, afte'r running, possibly for hundreds or 
thoiisanels of hours without blaeikeaiing, Huelelenl;w blackens 
within a few days anel llie're'l)y l)e'come'K^ while 
with the eiarboii lilame'iit tlu' blacelu'ningfi^^^if^JuItTOiroughout 
the life. ^ ^ 

38. By the* use' (>|'.^t^l|'^^f^l)’tuh''e)ry nu'lals (he efficiency of 
light grcatly 

ii 1 (! re'ustKi wi toWn h f, to 1 1 ^.. 1(1 Infill ic'i^ ■|ite|p!l'aturcs in the 

raeftf^lWn we're* ujy^hwl^'ible! w’itto^l|hdifiVbon filament due to 
its evaiioratieim 'Ihm'evw’, re'garding tlie ratt! e)f evaporation, 
differe'nt niodillipit4<^|^%1®lrbon sheew veery elillere'nt cliaracteris- 
tieis. The! {•a^pjtnraanu'nts first use'el in ineeandeeseiemt lamps were 
maele by earljoiiii^ing vege>table! fil)e!r, as bam])oe), e)r l)y seiuirting 
a solutiem eif eeellulose! threnigh a small liolee into a hardening solu- 
tiem and e*arboni/dng this struc'teire'le'ss he)rn-like fiber. These 
filanu'nts had a very liigb vet] tor te'iision, thus ceadd not l)e run 
as hot as the' mode'rn (‘arbe)n lilame'ii't and se) gave a bwer (fFi- 
ciene-y. 'Ihe'y are* now use'd e)nly as ba.se' filanu'nts, that is, as 
ejore! on whidi a more! stable* form of (uirliou is eleepeisiteel. Hindi 
a form e)f carbon was found in e'iirbon ele*pe)sil.e!el eui the filament 
ley lu'athig it, in the* vaiior of gasole'iie! eer either liyelre)e*,arbe)ns. 
This e'arbon di'posit is of much lowe'r e'le!e!trie! re'sistane'e tlian the 
lease on which it was di'positcel, its ne*ga,tive! tempeirature e'xeedfi- 
cie'iit of elect i'i(! resistance' is lowe'r and its vapeer te!nsie)n se) mue'di 
lowe!!* as to niidvt* it pos.sibh* to ope*nit,e! the himp at a sp(!cific con- 
sumption of M.i Willis pe*r ciindle! peiweer. 01 late years a still 
me)re! stable* feirin eif e'arbem has beee'ii feeiinel in the! se)-calleel “me- 
tallie: eeiirbem,” preiebie'e'el freem t he* gaseele'iie! deepeesite'el eearlieni shell 
of the: lilaine'ut , by ('Xjeeesing it. feir seeve'nil minute's te) a tempera- 
ture at the! l>eiiling point, of e*;Lrl)on ; tluit is, the higlmst attainable 
tempe'raturei in iui e*le'i!lrie! carbem tube! furnae'.e. Heireby the 
gaseele'iie eh'posite'd e'jirbem etf the* (ihime'ut shell — the inner base 
(le)es ne)t iippre'eeiably e'hange! its e'hiinuet.e'ristie'.s — aceyiires metal- 
lic eshanic.te'rislieis : a ie)w e'h'ct.ric re'sistiuu'.e, a positive tempera- 
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ment would bo a clia'm carlxui, arid its low stability and.high vapor 
tension, that is, tins ('u.s(‘ of brtuikiiig up of the molecules by 
evaporation, thus wordd be ae.counted for. 

A carbon compound, however, whieli passes through the vapor 
state in carboniz-ation, as the gasolene vapor in treating the car- 
bon filament, would as vapor at liigh temperature largely convert 
into ring structunss, that is, btmzol tlerivates, and thus give a car- 
bon de{)osit consisting lai’gely of mohauiles in which the carbon 
atoms are grouped in rings. These molecult's, therefore, are more 
stable at higli tempcmitures, and thus exhibit the lower vapor 
tension shown by this gasohme d(!i)OKited coating of the base 
filament. This del losilcnl carlion, however, must bo expected to 
have numerous side chains attacluKl to the ring nuclei of the 
mole(!nles,and the si<h; chains are relatively easily split off at high 
temperatures, as is w(‘ll known of tlie Inmijol dcrivatcjs. As a 
result thereof, this form of earlion, whieii I may e.all “interme- 
diate carlion/’ still shows a considerable vaiior tension, due to 
the side chains of the ring strue.ture. Kxiiosure to extremely 
higli temperatures sjtlils off these* side ehains, whieli then re- 
arrange into the ordy form of (‘aiiion stalile at these very high 
temperatures; that Is, ring Hiructnre and the “metal lie/’ form of 
carbon product *d from tiie gHsolcne. dt'posiied earlion by the elec- 
tric, furiuuu!, thus would be largf‘ly ring structure of the earlion 
molecule, that is, !he eonden.sat ion of numerous rings, similar to 
that found in anlhracem*, (dm It, tht'refon*, would have a very 
high stahility at high iemiKU'atunp that is, Ik; ditlieult to split up 
and thus show the low vap(ir leiisitm characterislit! of the me- 
tallic, caiiion. In oIIut words, tla; high vapor ttaision of most 
forms of carhon would be the result of the dissociation of com- 
jilex (arlKin molecules of chain siruci.urcs, or of side chains of 
ring sti’ucturcs, and a earlion atom of (mmplete ring structure 
thus would only slutw the vapor timsion corresponding to the 
molec.ular weight, which is very high, due to the; large number 
of atoms in the mol(*cul(‘. 

Thus two (diaraebaistie. allot ropie. inoditi(;ations of carbon may 
exist bcsid(‘.s the trans|tarent. e.arlion or diamond: 

(а) , ('hain carbon: high resistanc.e, ni'gative temperature co- 
efficient of elec.tric resi.sfaiiee, non-metallic charae.tcr, high vapor 
temsion at moderaii* lemperatun*. 

(б) . Ring carbon: low re.sistaiuu.; (within the range of 
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inctallic rQaistiviticjs), positive temperature coefficient of re- 
sistance, metallic character, low vapor tension at high, tempera- 
ture's. The latter one, obviously, is best suited as an incandescent 
radiator. It may be possible to introduce into the ring structure 
of the carl)on mok'culc otlier atoms of very refractory nature, as 
boron, titanium, silicon, and by their chemical affinity still further 
increase the stal)ility of tlie molecule, so that it does not appear 
outside of th(^ possibility to fintl a form of carbon which as radiator 
would be suptudor to any metal filament. If carbon could be 
operated as nt'ar to its limit of solidness as tungsten, it would give 
al)out 0.15 watts per candle. 

39. Most l)o<rH‘s show siinihtr characteristic in their tempera- 
ture radiation; that is, the total radiation varies in the same man- 
n(>r with the tt'mpx'raturc as the fourth power of the absolute 
temiic^ratiirm • Tims tlie distri tuition of the frequencies in the 
radiation is the same for the same temperature, varies in the same 
inamier with the tcmi)eratiire, so that the distribution of the 
radiation power bc!;tw(!en tlie ditterent frequencies is a charac- 
teristic of the temiierature, independent of the material of the 
hotly, and can be used for determining the temperature of the 

radiator. . . 

Such bodies, therefore, arc said to give normal temperature 

radiation. . • 

Many boditss of normal temperature radiation give the saine 
intensity, or power of radiation, at the same temperature, that is, 
have the. same radiation constant k in equation (1) ; these bodies 
are called “blac.k liodios,” and their radiation “black body radia- 
tion.” Their nuliation is the maximum temperature radiation 
given by a body. Other bodies of normal radiation give a lower 
iiitensitv or radiation, but so that their radiation is at any tem- 
Ijoraturo and for any frcK|ueney the same fraction of the radiation 
of a black body. Their radiation, tlien, is called ' grey body 
ra<liation,” and they also would follow the racliatioii law equa- 
tion (1), l 3 iit with a constant k, which is a fraction of the constant 
/Cq of black body radiations: 

k — h/Co- - 


For temperature radiation the following law applies. 

“The temperature radiation of a body is at any temperature 
and at any frequency the same percentage of black body radiation 
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as the ahsorheci nuliation of the btxly k of the total impinging 
radiation.” (KirchholFs law.) 

This law rolaie.s tlu' behavior of a body towards radiation 
impinging iiixni it from otlu'r bodit's, with its behavior as radiator. 

A liody which absorbs all the impinging radiation, that is, a 
black l)ody, gives a maxinmm t.emjieraturt^ radiation, and this 
radialion, thus, has been called the black body radiation. An 
o|)aqn(^ grey hotly of albeilo a, that is, a l)ody wliich reflects the 
sam(‘ frattlioii a t)f the impinging radiation and thus absorbs the 

part (1 (V of the impinging radiation, thus gives as radiator 

tint part fl • «) ttf Itlac.k body radiation. That is, its radiation 
constant is 

k /Mq ■ (1 a) 

and the radiation c.onstaut of any opaque body, thus, is the radia- 
tioji «am.stant of the likick botly nudtiitlied l)y 1 minus its albedo a. 

For a perfectly white or perfectly transiiarent body, the radia- 
tion constant , thus, woidd lie /.(‘ro; that is, this body would give 
no t{»in]»era(ure raiHaliou, woidd not, become incandescent at 
high tiauperat tires. 

40. A coltu’ed b«idy was defined as a Itody which reflects or 
traiaanils dilTerent fractions of the imitinging radiation for dif- 
ferent froqui'iicics. Such a- colonA body usually alisorbs different 
jtarts of tlic impinging radiation hir diffen'iit lUMiueucies and as 
radiator, lhf*ii,woutl for different freqiKSic.ies give different frac- 
tions of black body radiation; that is, its radiation for some 
frequencii ;; would Ite a greater part of black fiody radiation. The 
radialii'n of oucii a body i,s called “colori'd body radiation.” In 
colored body radiation the di;d ribul.ion of intensities tliroughout 
the spectrum, that is, for dilTerent freciuencii'S, thus diflers from 
that of the blatdv or grey liody at. the same tempi'rature, that is, 
colored radiation is not normal radialion and ilius also does not 
tdllow the tomper.alun' law etination tl). 

For instance, if in Fig. 211, 1 is the, enrv(M)f distribution of the 
intdisity of radiation as function of the frequency, at a certain 
teinper.at ure, as the melting point ol tungsten, fora black body, 
gri'y bodv radiation would lit* rcpu'siaitetl liy curve II or III, in 
which the oulinales are a constant fra,c1ion ol those of curve I. 

Curve II. for albedo a O.M, has the heighl. 1 - a =“ 0,7 times 

that of bhudv body radialion I, that is, radiates 70 per cent as 


86 RADIATION, LIGHT, AND ILLUMINATION. 

much energy, at any temperature and of any frequency 
body. Curve III correepouds to albedo ae, or a“ad£tton 
constant 1 - a = 0.4 times that of the black body CoforS 
body radiation, then, would be represented by curves IV and. V. 

Representing the octave of visible radiation by L, the area of 
the curve within the limits of L to the total area of the radiation 
curve, gives the ratio of power visible to total radiation or tlie 
radiation efficiency/' As seen, this radiation efficiency is the 
same for black and grey bodies, I, II, III, and the only difference 
between the black and the grey body is that with the grey body 
the amount of light per unit radiating surface is less, but th^ 


■ 

■ 

■ 

■ 

■ 

■ 

■ 

a 

a 

a 

m 

B 

a 

Bi 

■ 

■ 

1 

H 

■ 

!i 

1 

i 

a 

a 

a 

8 

B 

ll 

■ 

■ 

1 

■ 

■ 

1 

■ 

i 

a 

a 

Bi 

8 

8 

8 

■ 

■ 

■ 

■ 

i 





1 

a 

1 

P 


■ 

■ 





a 

■ 

B 


m 




■ 

1 


E 


i 

i 

i 

I 

8 

B 




1 

■ 

s 


i 


P 

a 

a 

i 

SB! 

a 

8 




fA 

i 

1 

w 

■ 

■Bil 

m 

a 

B 

P 

E 


■ 


i 

i 


i 

& 

a 

a 

a 

s 

la 

I 


1 

1 

m 

m 

i 

■ 

i 

a 

i 

a 

BI 

1 

a 


m 


n 

■I 

■I 

■1 

m 

■ 

■1 

a 

B 

s 

ii 

R 


Fig. 29. 


power required to maintain the temperature is correspondingly 
less, hence the efficiency is the same and merely a larger radiator 
surface required to produce the same amount of light ; the larger 
the surface, the higher the albedo of the radiator. For colored 
radiators, however, the radiation e'fficiency may be different and 
requently is. In the colored body IV, in which the radiation in 
t e visible range is a greater part of the black body radiation I 
than in the invisible range, the radiation efficiency is greater tban 
t at of colorless or normal radiation at the same temperature; 
t at is,^ such a colored body gives a higher efficiency of light 
production than corresponds to normal radiation at the same 
temperature. Such, for instance, is the case with the material of 
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the Welsbach mantle and to some extent probably also with 
the tungsten filament. Inversely, the colored body V, in which 
the radiation in the visible range is a lower percentage of black 
body radiation than in the invisible range, gives a lower efficiency 
of light production. Such, for instance, is the case with glass, 
which, therefore, would be an abnormally inefficient incandescent 
light producer. 

To illustrate the difference in the radiation of black and grey 
bodies, I show you here a piece of graphite rod, around which a 
strip of platinum foil is wrapped in an open spiral and then it is 
enclosed in a transparent quartz tube. Heating it in the bunsen 
flame, you see the graphite becomes bright red, while the platinum 
foil surrounding it is far less luminous and the quartz tube is not 
luminous at all, though all three have practically the same temper- 
ature, or if anything, the outer quartz tube is the hottest, the 
interior graphite rod the coolest. Still, the graphite gives the 
greatest amount of light: graphite is a black body and thus gives 
maximum radiation; the ]i)latimim as a grey body gives less radia- 
tion at the same temperatures and tlie quartz as a transparent 
body which absorbs almost no radiation, tlius, also, gives out 
almost no radiation, tliat is, do(;s not become luminous at a 
temperature at which thci grai)hite is bright red. 

I now drop a small ifiatinum sjoiral into a mixture of the nitrates 
of thoria and ceria (tlie rare ('artlis of the Wdsbach mantel), and 
then immerse it in thc! bunsen flame, Tlie nitrates convert to 
oxides, which fluff out into a veny light and [lorous mass, which 
you sec glow in a very ini, ease', slightly greenish light, far brighter 
than the platinum wire immerscKl in the same flame. The dis- 
tribution of intensity of tliis radiation differs from that corre- 
sponding to any temiieraturci, and the percentage of visible 
radiation, esiiecially from tlui center of the visible spectrum 
(greenish yellow) , is abnormally large. This, therefore, is a colored 
radiator, giving a higher radiation efficiency than the normal 
temperature radiation. 

A radiation which does not follow the temperature law of 
normal radiation as regard to the distribution of intensity with 
the frequency, is caUnd "scilective radiation.’' Colored body 
radiation, thus, is selective radiation. 

In regard to their reaction on light impinging on them, in reflect- 
ing or transmitting it, most bodies are more or less colored and 
colorless bodies: black, grey, white, transparent, the exception. 
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Regarding the teini)tn'atiirt‘ radiation produced by the body as 
radiator, most boiiies an' more lu'arly colorless, black or grey 
bodies, that is, give' normal ra<liation or nearly so, and colored or 
selective radiation of considerable intensity is the exception. 

Obviously, no perfectly black, or even perfectly colorless radia- 
tor exists, but even carbon shows a slight selectivity, a slightly 
greater intensity of ratliation at the red end of the spectrum than 
corresponds to the temperature. 

Perfectly black body radiation, however, is the radiation at 
the inside of a hollow body of uniform tcanperaturc, and the 
laws of black body radiation, thus, are studied on the radiation 
in the interior of a closed shell with opaciue walls of uniform 
temperature. 

In the interior of such a hollow body of uniform temperature 
every surfaccj elemi'iit radiates to every otlu'r (dement and receives 
radiation from every other surfac'.e (di'm(>nt., that is, tlie surface 
clement receivc's as niindi radiation from eleiiu'nt A.^ as cdo- 
ment Aj receives from Aj. 

Of the radiation r(‘c, caved by a surfa(;e elenumt A^ l)y the radia- 
tion law, that part whi(di exists in tlu'. radiation produc(!d by Aj 
is absorbtid, that p)art whic.li does not exist in the tem[)erature 
radiation of Aj, is reflected, and the total radiation issuing from 
A^,tlie radiation iiroduced by it. plus that, ndlcctc'd by it,t.ogetlier, 
thus, nudvc up compk'tt' blacdv body radiation. If, ilu-n, t.lie liol- 
low radiator is a Idack body, it absorbs all t.lie impinging radia- 
tion, reflects none, and the radia,tion issuing from it thus is the 
black liody radiation produc('d by it.. If t.lie radiator is not 
a black body, but a grey or a colored body, of any fn'tiuc'ncy of 
radiation, for which it has tlu; albedo a„ only tlu* part (1 - a) 
is produced by it, Init the part a of tlu; impinging radia,t.ion of 
this freciuency is reflected, and tlu; total radiation of this fn;- 
quency, thus, still is unity, that is, back body radiation. 

Obviously, the liody cannot Ik' jierfect.ly closed, lint must 
contain an opening, through whicdi the interior radiation is 
observed, but if this opening is sufficiently small it introducais no 
appreciable error. 

The production of black body radiat ion from the inteiior of a 
hollow body obviously requirc's that the walls of the body lie 
opaque; that is, that all the radiation produced inside of it. is 
either absorbed or reflected, and alscj depends on the condition 


90 RADIATION, LIGHT, AND ILLUMINATION. 

able shutter below with a single opening, we can by it cut 
out a single green color, and by moving the shutter bring this 
to coincidence in shade with the resultant color of shutter S and. 
the position of the shutter then measures the temperature. 
The scale of such a direct vision pyrometer may either be calcu- 
lated from the radiation laws, or it may be calibrated by some 
known temperatures, as the melting points of gold, platinum, 
boiling point of carbon, etc. 

A number of types of such visual pyrometers have been devel- 
oped, and are very convenient. 

Their limitation, obviously, is that they apply only when the 
radiation is norpial temperature radiation, but give wrong results 
where colored radiation or luminescence is present. Thus the 



radiation given by the interior of a closed body of uniform tem- 
perature ceases to be black body radiation if the interior is filled 
with luminous vapors, as is frequently the case in the interior of 
electric furnaces. For instance, using such a visual pyrorneter 
for the interior of the carbon tube furnace used for metallizing 
carbon filaments gives, frequently, quite impossible results, tem- 
peratures above those of the sun, due to the error caused by the 
luminescent silicon vapor filling the tube. ^ _ 

The errors of temperature measurements by radiation are the 
greater the nearer together the radiation frequencies are which 
are used for the measurement, hence are greatest with the yisnal 
pyrometers, least in the methods based on the total radiation 

42. In the temperature radiation of a colored body the ramo 
of the intensity of the radiation to that of a black body of the 
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that all the frequencies of black body radiation are present, since 
evidently, no frequency 'which is entirely absent in the radiation 
of the body could be produced by reflection. Furthermore, all 
the radiation must be temperature radiation, that is, no lumines- 
cence exist in the interior of the body. These requirements are 
easily fulfilled, except at extremely high temperatures. 

41 . The radiation laws offer a means of measuring tempera- 
ture, and the only means for those very high temperatures where 
the gas thermometer (that is, the measurement of temperature by 
the expansion of a gas) and the thermo-electric couple or the 
resistance pyrometer cannot longer be used, as no material exists 
which remains solid at temperatures such as Those of electric 
furnaces, etc. 

As the total intensity of the radiation varies with the tempera- 
ture, and the ratio of tht! int-ensity of radiation, of any definite 
frequency to the total radiation, or ilu; ratio of intensities at 
two different tre([neiie.i('s of radiation, is a function of the tem- 
perature, eitlier c.an lie used for nK'asuring tlie tem],)orature. 

For instaiua^, nu'asuring tlic iidxiiisity of the total radiation — 
which in vacuum eiudcsed radiators as incandescent lamp fila- 
ments is done by nu'asuring tlu^ powiu' input — gives the tem- 
perature if the i)ody is a black body and its radiating surface 
measured. If one t(!mp('ratur(.i is known, as, for instaiuic, by the 
melting point of sonu! subst-aiuu^, liy coni])aring the total radia- 
tion power with thai, a(, tl unknown tc'.mperature, other tempera- 
tures can be nu'asured. 

Determining rafio of tlie power of the visilile radiation, 

and that of the tot.al radiation that is, the radiation cfliciency 

— thus givc'S ilu! temperature lor black liodiiis as well as grey 
body radiators, and thus is lr(!qu(vntly c.alled tlie “ Idack body 
temperature." 

By comiiaring the intensity of any two radiations wci get the 
temperature. Tliis c.ould be done by using two wave lengtlis 
of radiation in tlui visibh' range, h'or itist.aiic,e, the ratio of tlie 
intensity of tln^ yellow and tlu^ liliie I’adiation giviis tlie tem- 
perature. llesolving, tliiui, tht! radiation liy a jirism P in 
Fig. 30 , into a spiuvtrum, and by a shutter cutting out a 
definite width of yellow and of blue light, and combining these 
again by the mirror il/^ and M.., we get a resultant green color 
which is intermediate ludwcuui yellow and blue, and the nearer to 
the blue, the higher tlie temperature. Arranging, then, the mov- 
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same temperature is different for different frequencies of radia- 
tion and the average wave length of radiation and the total 
intensity of radiation of a colored body thus do not vary with the 
temperature in the same manner as is the case with the black and 
the grey body, that is, the normal radiation. The intensity of 
colored body radiation at any frequency cannot exceed the inten- 
sity of radiation of a black body at the same temperature and 
frequency, since the radiation of the black body is the maximum 
temperature radiation at any temperature and frequency. 

A body which gives at some frequency a greater intensity of 
radiation than a black body of the same temperature is called 
luminescent, that is, said to possess “heat luminescence.” Char- 
acteristic of heat luminescence, thus, is an excess of the intensity 
of radiation over that of a blac.k body of th(5 same temperature for 
some frequency or range of freciuencdcs, and the color of lumin- 
escence is that of the radiation frequencies by which the lumin- 
escent body exceeds the blacik body. 

It is not certain wlKitlior such heat luminescence exists. 

The high efficiency of light production of the Welsbach man- 
tel, of the lime light, the magnesium flame, the Nernst lamp, etc., 
are frequently attribute, d to heat luminescence. 

The rare oxides of the Welsbach mantel, hnmersed in the 
bunsen flame, give; an intemsity of visible radiation higher than 
that of a t)lack Ixxly, as a graphite rod, immersed in the same 
flame, and if we assunui that these oxid(« are at the same tempera- 
ture as the flame in which th(;y an^ immersed, their light must be 
heat luminescuaice and not colored radiation, as the latter can- 
not exceed that of a blac,k Ixxly. It is possible, however, that 
these oxides are at a high(ir tcmi})(5rature than the flame surround- 
ing them, and as the radiation intcaisity of a black body rapidly 
rises with the tcenix'riiture, the light radiation of the rare oxides, 
while greater than that of a blac-k body of the flame temperature, 
may still be h^ss tlnin that of a l)lack body of tlie same tempera- 
ture which tlie oxid(\s liavc^, and their radiation, thus, colored 
temperature radiation and not luminescence. Very porous 
materials, as ])latinum si)onge, absorb considerable quantities of 
gases, and by bringing tluan in close contacit with each other in 
their interior cause chcanical reaction between them, where such 
can occur, and tlius heat and a t(mi[)erature rise above surround- 
ing space. Thus platinum sponge, or fine platinum wire, immersed 
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in a mixture of air and alcohol vapor at ordinary temperature, 
becomes incandescent by absorbing alcohol vapor and air and 
causing them to combine. The oxides of the Welsbach mantel, 
as produced by the deflagration of their nitrates, are in a very 
porous state, and thus it is quite likely that in the bunsen flame 
they absorb gas and air and cause them to combine at a far more 
rapid rate than in the flame, and thereby rise above the flame 
temperature. An argument in favor of this hypothesis is, that 
these oxidesj when immersed in the bunsen flame in close contact 
with a good heat conductor, as platinum, and thereby kept from 
rising above the flame temperature, do not show this high lumi- 
nosity. I have here a small, fairly closely wound platinum spiral 
filled with these oxides. Immersing it in the bunsen flame you 
see the oxides and the platinum wire surrounding them glow with 
the same yellow light, but see none of the gnxaiish luminosity 
exhibited by the oxide when free in tlic flame, exccjpt at a few 
points at which the oxide projects beyond and is not coohnl by 
the platinum spiral. The absciKJc of a higii sekuitive luminosity 
of these oxides, when heated electrically in a vac-uuni or in an 
inactive gas, also points this way. Tlie gradual decay of the 
luminosity shown by such radiators may be due to tluiir Ixicoming 
less porous, by sintering — this would acicount for the very rapkl 
decay of the light of the lime cylinder in tlie hydro-oxygen flame, 
and the very small d(!c.ay of the more refractory oxides in the 
Welsbach mantel — but it also may l)c tin; gcmenil charafiteristic 
of luminescence, as we have found in the discussion of fluorescence 
and i^hosphorescence. 

In favor of heat luminescence as tlu^ cause of the; very high effi- 
ciency of these radiators is, however, the similarity of tlie con- 
ditions under which it occurs, with those we find in fluorc'scence 
and phosphorescence. Just as neither calcium sul[)hide nor zinc 
silicate nor calcium carlionate are fluorescent or |)hosi)horescent, 
when chemically pure, but the fluoresc,('nc(; and iihosphorescencc 
are due to the presence of a very small c|iiantity of imiiurities, as 
manganese, so the pure oxides, tlioria,erbia, ceria,(l()not give very 
high luminosity in the bunsen flame, but the high luminosity is 
shown by thoria when containing a very small percemtago of other 
oxides. 

While the existence of heat luminescence in these rare oxides 
is not certain, no theoretical reason exists against it, as at ordi- 
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nary temperature we have in phosphorescence the same phenome- 
non of the production of a radiation exceeding in intensity that 
of a black body of the same temperature : the black body radia- 
tion at ordinary temperature contains no visible rays, while that 
of a phosphorescent body does. Heat-luminescence, thus, may 
be considered as fluorescence at high temperature. 

However, to some extent, the question of the existence of heat 
luminescence depends upon the definition of luminescence, and 
any colored radiation may be considered as heat luminescence of 
a grey body. For instance, the radiation represented by curves 
IV and V of Fig. 29, may be considered as colored temperature 
radiation, as they are below black body radiation, curve I. But 
as they exceed at some frequencies the curves of grey body 
radiation H and HI, they may also be considered as heat lumi- 
nescence of a grey body. If, then, we compare such curves of 
selective radiation, IV and V, with normal temperature radiation 
of the same total intensity — that is, with a grey body radiation 
of the same power at the same temperature — all such selective 
radiation can be considered as heat luminescence. 

While the term “luminescence” is usually applied only to 
abnormally high radiation in the visible range,^ in its general 
physical meaning it applies to abnormal radiation of any fr^ 
quency range, and curve V in Fig. 29, for instance, would be the 
curve of a grey body, which luminesces in the ultra-red, while 
curve IV would be that of a grey body, in which the heat lumi- 
nescence is in the visible range. 

In general, however, it is preferable to consider as luminescence 
only such radiation as exceeds the black body radiation of the 
same ttunpcirature, and this will be done in the following, while 
radiations which differ in their frequency distribution from the 
black body, without exceeding it in intensity, are considered as 
colored body radiations. 
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LUMINESCENCE. 

43. All methods of producing radiation, and more particula: 
light, other than the temperature radiation or incandescence i 
generally ciomiirised by the name hmmiescence. Some spec 
(iasea of lumiiiescence have already been discussed in the pi 
nomena of Huores{;en(‘,e and phosphorescence, represented by t 
conversion of thti radiation absorbed by a body into radiation 
a dilfcreut wave hmgth. 

Usually lumin(>B(;ence at ordinary temperature, or at moders 
t(nn})(,;ratur(?s, tliat is, tcnnperatures below incandescence, is cab 
Jluorencence or plmphoreaccnce. 

Fhwref^ocncG and Phosphorescence. 

Fluores(!enc(:^ is thc^ prodmdion of radiation from the enei 
HUp})li(!d to and absorbed l)y the fluorcisccnt body, while ph' 
idiorescu'iKU', is th(‘ ])rodne.tion of radiation from the energy sto] 
in the phosidiorescicmt body. This energy may be derived fr< 
iidernal cliaiiges in the body, as slow (iombustion, or may hg 
IxHvn rcaudved ])y the; body at some previous time — as 
(exposure; to light a (iahuum suljdiide screen al)sorbs the enei 
of in<ud(‘nt radiation, stores it in some form, and afterwai 
Hidiates it-. 

Fhiores(u‘n<!(; and pliosplioresc.encc usually occur simul 
neonsly: tha (‘lun-gy supi)lied to sucli a luminescent body brir 
about (HU’tain elianges in tin; body — as vibrations of the aton 

or wh!Ltev(;r it may be; whicli c.ausc the ])ody to send out rad 

tion. As long as this (;ncrgy is sii{)pli(;d, the radiation of t 
l)ody {;ont imii;s, that is, it lluorescics. The changes in the bo^ 
which make it himinesc,(^, rc'.iH'esent energy storage — the kine 
eiu;rgy of Ihi; himin(‘S(;ent vibration, etc. — and when the ener 
sui)ply to tlie body ceases, the radiation issuing from the bo 
docs not instantly cease, but continues, with gradually decreasi 
intensity, until the stored energy is dissipated: the body ph 

94 


LUMINESCENCE. 


95 


phoresces. Inversely, fluorescent radiation probably does not 
appear instantly at full intensity, as energy has first to be stored. 
The persistence of tluj luniinescicnce after the power supply has 
stopped, as i)hos|>horeHcence, is very short, except with a few 
siibstaiKJes, wliert', it lasts for days. Where the energy of phos- 
phorescciiit radiation is siii)i[)lie(l by the energy of chemical 
change in the body — as with yellow phosphorus — obviously 
the phosi)horesc;enc(; pia'sists as long as these chemical changes 


can occnir. 

The difihrent forms of luminescence may be distinguished by 
the cliara(^ter of tlu' (‘iiergy whioh is converted into radiation. 

The conv(‘i‘sion of radiation energy into radiation of different 
wavt! hmgih, either immediately, or after storage in the body, 
thus may be (?alled raduhJluoreMence and radio-phosphorescence. 
It was dis<!Uss(Hl in Lec.turii II. 

Tlu^ same* l)odieH, (^xiioscd to an electric discharge in a vacuum 
(Geisslc*r t,ubi‘ or (Jrooke tube) show electro-luminescence, fluores- 
ceiict; as w(*ll as |)hosphor('S(^en(^(^, and usually with the same 
color as in raliodumiiu'sccmce. 

77icr///e-/ni/?mc.s’ccncc is (*xhil)ited by some materials, as the 
violc't c-olored (trystals of fluorit(*. (CaFla), which, when slightly 
warmed, Itmiinescu* - it is this whic,h gave the name “fluores- 

cence” to the phenomenon. 

Some solutions, whc‘n (irystallizang, show light during the 
formation of crystals, and thus may be said to exhibit a physical 


phosphorescmcc. 

Chcmiml plmplmcsmice is («hil)it(}d by yellow phosphorus 
and its solutions, which in tlu*, air glow by slow combustion, at 
ordiiuu’y jitmospheiic, t(‘,inp(!ratur(n As the ignition point of 
phosphorus, that is, thc^ tempcmitiire where it spontaneously 
ignit(.*s,is little above*, atmospluuic temperature, the chemical phos- 
phor(!SC(mca* of phospliorus occurs at temperatures a few degrees 
below ignition; it ci'ast's, howcwcjr, at very low temperature. 

The chemical luininesc.i^iuu^, as sliown by phosphorus, is not 
an exci'ptional ijlienonu'iion, but many substances exhibit ch(^i- 
cal plmsi.h.ircsc, <'!,<«■ at tmnpcxaturca a few degrees below fteir 
igriitinn te..merature, ns the res.ilt of slow combustion. With 
those Siilislatiees whieli have an ignition point above ineandes- 
ceiice.this eannot bo observed, but it is observed, tor instance 
incarlxm liisulpliiile, (S„ wliicli igmtes spontaneously at about 
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180 deg. cent., and a few degrees below this temperature phos- 
phoresces in air, by slow combustion. 

A biological phosphorescence is shown by many forms of life; 
some bacilli of putrefaction phosphoresce, and are the cause of 
the faint glow occasionally observcul in decaying food, espe- 
cially fishes. Amongst insects and iiiimcrous sea animals of dif- 
ferent classes, especially deep-sea animals, phosphorescence is 
frequently met, but its origin, that is, the mechanism of light 
production by the firefly, etc., is still unknown. 

When splitting a sheet of mi(!a, or sliaking a well-exhausted 
tube containing mercury, flashes of light are seen in tlie darkness. 
This, however, is not real phosphorescence but due to electrostatic 
flashes of frictional electricity. 

The light given by fluoresceucui and phosphorescence of solids 
or liquids, gives a continuous si)ectruin, tluit is, is a mixture of all 
frcqiieiKfies, just as is the case with ttu^iqKirature radiation; it 
differs, however, from tem|)(‘rature nwliation by tht'. distribu- 
tion of the energy in the spec,trum, whi(di is more or less charac- 
teristic of the luminescent body, and to sonu^ extemt, also, of the 
method of exciting the lumiiH'scu'iKuu Tims (uystalliius c.al(!ium 
tungstate, WO/la, fiuorescies white in tlu‘ X-ray, light bhauvith 
ultra-violet light; the aiiiliiu^ dy(‘, rhodamine (> (1, in alcoholic 
solution fluoresc,es grcien in daylight, (•riinson in the light of the 
mercury lamp; wilhmiite (c,alc.ium silic.ate) shows a maximum 
fluorescent radiation in the gnum, hoiik! chalcites in the red, etc. 

So far, fiiioresc.ence and j)hosi)hores(H'nce iiavo not yet found 
any cxtendcHl industrial apiilic.ation. 

44. Some of the charactcvristic, forms of luminescimc.c at hight'r 
temperatures arc pyro4imimcsccncc, chendcal4unmicsccrice, and 
electro4umincscence. 

As pyro4umi7ies(xnceoTheat4umvncse(m('c, must b('- (‘.onsidered all 
radiation, produced by heat, whi(‘,h exw'cds at soiiui wave length 
the intensity of the black body radiation .at tlie same teini)eraturo. 

Whether real pyro-luminesc.ence exists, is uncertain, but by an 
extension of the definition any c.olored temperature', radiation 
may be considered as heat lumincscc'ucu' of a grey l)ody of an 
albedo which as normal temix'raturc^ radiation would give the 
same total radiation at thc', same temperature as tlie colorc’d 
radiator. Heat luminescence has been discussed already under 
colored radiation. 
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Chemical Lwninescence. 


Whenever intense clieraical changes take place at higher tem- 
perature, luminescence frequently occurs. I have here an ordi- 
nary, non-luminous bunscn flame. I dip a platinum wire into a 
solution of lithium chloritlc, LiCl, and then hold it into the lower 
edge of the flame: the flame colors a bright red, and through the 
spectroscope you see a bright deep red line and a less bright 
orange line, tlio spectrum of Li. After a little while, the color- 
ing disappears by tlie LiCl evaporating from the wire, and the 
flame again becomes non-luminous. I repeat the same experi- 
ment but dip the, |)latiimm wire into sodium chloride, NaCl, 
solution, and you see the flame colored brightly yellow, and the 
spectroscope shows one yellow line, the sodium line D. Dipping 
the platinum wiixi into thallium chloride, TlCl, I color the flame 
a bright deep grecm, the characjteristic T1 spectrum, which has one 
bright greim liii(‘. As you see, the green coloring disappears 
more raiudly tlian tlui ycsllow did, and the flame turns yellow; 
the T1 salt is more volatile tluin the sodium salt, evaporates more 
rapidly, and as it (iontains some Na as impurity, the latter be- 
comes visible as yellow flame coloring after the T1 has evap- 


orated. 

In the bunR(Ui flame tliesc salts are (waporated, split up into 
their tdcmuuits by the flame gases, and recombine, and by these 
chemical changes the alums of Li, Na or T1 are set in vibration, 
and as vapors,'b('ing five, to vilirate without mutual interference, 
they vilirati', with their (hai'acitnristic frcHgiency, that is, give a 
definite fixajiK'ucy and irlius c,olor of the liglit, independent of the 
tempciraturiq if wii introduc.c; the same salts into the carbon arc 
we g(‘,t tlio saints color and the same sjiectrum lines, only much 
brighter, as at the*, much higher tiunpcraturo of the arc flame the 
vibration is far more int.ense.; but it is of the same frequency, and 
in this ivspi'ct esscmthilly diffia-s from temperature radiation 
which varic!s in fre([uency with the temperatum. _ 

In the same mamuu- by introducing fer,_ Ba or Ca salts in 
the bunscn flame, the flame is colored with other character- 
istic colom; bright red, green, orange The spectroscope shows 
in every case a spectrum having a number of definite lines 
which arc brightest and most nuracn-ous m the red for Sr, in the 
green for Ba, and in tlie orange yellow for Ca. In general. 
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metal spectra show a number, frequently very many lines in 
the visible range. 

As Sr, Ba, Ca, are much less volatile than Li, Na, Tl, to get 
good effects in the bunsen flame, instead of the chlorides, the 
nitrates, or preferably the chlorates or perchlorates are used, 
which are more unstable, and thus easier split up and carried into 
the flame. At the much higher temperature of the carbon arc, 
the chlorides, or even the still more refractory oxides are used. 

Chemical luminescence is used industrially in fireworks and 
colored signal lights; salts of these metals with acids which con- 
tain a large amount of easily split off oxygen, as nitrates, or more 
commonly chlorates and perchlorates, are mixed withsome com- 
bustible material, as charcoal, sugar, sulphur, antimony sulphide, 
etc. When ignited, the combustible burns with the oxygen 
given off by the nitrates or chlorates, and in the focus of this 
intense chemical action, intense luminescence of the metal is 
produced. Thus Sr gives a bright red, Ba a green, Ca an orange 
yellow, copper ammon a blue coloring. 


Eleciro-lurnineHcence of Gases and Vapors. 

45. Industrially this is the most important form of lumines- 
cence. Solids and lifiuids can be made to luminesce only indi- 
rec.tly by exposure to elec, trie discharges, as electrical fluorescence. 
Gases, however --and under gases here and in the following we 
inc,lu(l(i vapors as, for instance, the carbon vapor, which is the 
conductor in tins carlxm arc — become electro-luminescent by 
being uscul as conductors of the electric current. It is a chara.c- 
teristi(i of electric conduction of the gases that this conduction is 
accompanied Ijy tlic |)ro(luction of radiation, and in the electric 
condiution of gtises W(', thus find the. means of a more direct 
conversion of electric energy into radiation, and thus into light. 
It is, therc'fore, in this direction that a radical advance in the 
efficiency of light production would be possible, and the subject 
of electric conduction of gases (including vapors) thus is of the 
highest importance. 

Two forms of electric conduction in gases exist: disruptive 
conduction, as represented by the Geissler discharge or the elec- 
trostatic spark, and continuous conduction, as represented by the 
electric arc. 
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Disruptive Conduction. 

In disruptive conduction the conductor is the gas which fills the 
space between the terminals, and. in carrying the current is . 
made luminous. The color of the light and its spectrum is that 
of the gas which fills the space, and the electrode material has no 
effect on the phenomenon, is immaterial (in the Geissler tube, 
or the spark gap, any material may be used as terminal, if it 
otherwise is suitable, that is, is not destroyed by whatever heat 
is produced at the terminals, or by the chemical action of the gas 
in the space, etc.) usually, however, the electrodes gradually dis- 
integrate in disruptive conduction. 

Disruptive conduction is discontinuous; that is, no current 
exists below a certain definite voltage, while above this voltage 
there is current. The voltage at which conduction begins is 
called the disruptive voltage. It is the minimum supply voltage at 
which current exists : if the supply voltage rises above this value 
there is current; if it drops. below the disruptive voltage the 
current cc^ases, but begins again spontaneously as soon as the 
voltage rises above the disruptive value. Disruptive conduction 
thus occurs (!(]ually W(dl with unidirectional, with alternating, 
or with oscillating curremts. It is best studied with alternating 
or oscillating voltage supply, as with a steady unidirectional 
voltage, the disriii)tive (ioiiduction, that is, conduction by the 
gas filling the spac-e between the electrodes, tends to change to 
continuous condiKition, by vapors forming at the negative elec- 
trode and gradually bridging the space between the electrodes, 
and there', by rc;i)lacing the gas which fills the space, by the elec- 
trode vapor as (jonductor. This is usually expressed by saying: 
the electrostatic spark bcitwcen two terminals starts, or tends to 
start, an arc. 

Disruptive cionduction, thus, does not follow Ohm’s law; it is 
zero below tlie disruptive voltage, while with a supply voltage 
exceeding thc', disruptive voltage of the gas between the terminals, 
current exists, but thc terminal voltage is apparently indepen- 
dent of the currcnit, that is, if the other conditions as temperature, 
gas prcjssiire, etc., remain the same, the terminal voltage of the 
Geissler tiil:)e or the spark gap remains the same and independent 
of the current, and the current is determined by the impedance 
between thc Geissler tube or spark gap and the source of 
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e.m.f., or by the available power of the supply source. A Geissler 
tube, thus, cannot be operated dir(;ctly on a constant potential 
supply of unlimitetl i)owcr, but re(iuires a current limiting im- 
pedance in series with it, or a source of limited power, that 
is, a source in which the voltage droi)s with increase of cur- 
rent, as a constant current transformer or an electrostatic 
machine, etc. 

The disruptive voltage csscaitially depends on the gas pressure 
in the space between the electrodes, and also on the chemical 
nature, and on tlie tem|)erature of tin; gas. It is over a wide 
range, directly pr()portional to the gas [)ressur(i. Thus, at n 
atmospheres pressure the voltage recjuiuMl to jump a spark 
between two terminals is n tinies as gri'at as at one atmosphere. 
This law seems to hold from the higlu'st^ I)ri'ssures which have 
been investigated down to piH^ssures of a tew mm. merciuy, that 
is, down to about to ct atmosidicjre. ’W'lic'U coming to still lower 
pi’essures, however, the disru].)tiv(‘, voltagci (Uaireases less, ulti- 
mately reaches a minimum — usually somewhere between 1 mm. 

and 0.1 mm. mercAiry prcissun; - and t hen inc.reases again and 

at extremely high vacnia l)ecom('s muc,h highe.r than at atmos- 
pheric pressure, so tliat it si*ems that it< is intinite in a peifecd 
vacuum, that is, no voltage can start) (‘ondu(‘.tion through a 
perfect vacuum. As the gas tilling the space is the conduct, or 
in disruptive condu(;tion, it is easily und(‘rstood that in a per- 
fectly empty space, or an absolute vacuum, no disruptivt'. con- 
duction would exist. 

The visiljlc phenonu'na of disrupt ivt^ c.onduction very greatly 
change with the change ot gas pressung tnim the (lectiostatic 
spark at atmosijluaic. pn'ssures to the Gdssler lube glow in the 
vacuum; but th(! (diaiigts is gradual, thus showing the ichaitity 
of the two phc'nomena. At atanosplmric, pressure^ disruptive 
conduction oc.curs l)y a sharj)ly d(‘tinetl, relatively thin and noisy 
spark of very higli briHianc.y, wbie^h t,ravers('s tlui si)ace between 
the electrodes in an erratic, zig/jig |)ath, not unlike in appeaianc,c 
to the mechanical fracture of a solid material; and, indeed, the 
spark is an electrostatic rupturci of the gas. If the electrostatic 
field is fidrly uniform, as Ijet.ween paralhd i>lates, or betwecni 
spheres of a diameter 1.5 or more tinu'S their distance, with 
gradual rising voltage, the spark occurs when the disruptive 
voltage is reached, without being pn;ceded, at lower voltage, by 
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any other phenomenon. If, however, the electrostatic field is 
not uniform, as, for instance, between needle points or small 
spheres or wires, with increasing voltage the disruptive strength 
of the gas is exceeded at those places where the field intensity is 
highest, as at the needle points, before the disruptive voltage of 
the spark gap is reached, and then a partial break down occurs 
at the points of maximum field intensity, as at the needle points, 
or at the surface of high potential conductors, etc. A blue glow, 
then, appears at the needle points, followed by violet streamers 
(in air, the (iolor boftig the nitrogen spectrum; in other gases 
other colors apiiear), and gradually increases in extent with 
increasing voltage, tlie so-called “brush discharge, or “corona.'^ 
Between ne(;dle points the brush discharges increase in extent, 
and approacli ciae-h other until' they bridge nearly 60 per cent of 
the gap, and then the static spark occurs. 

At higlier gas ijressures the si)ark increases in brilliancy, in 
noisiness, l.)ut gcfis tliinncir. If, however, we gradually decrease 
the gas pr()ssur(p the si)ark g(',ts thicker, less brilliant, and less 
noisy, its edge's are less shai’idy defined, that is, get more diffused, 
and ultimately it passes Ixitwcaui the terminals as a moderately 
bright, thick and noisriciss stuiam, gradually fading at its outside, 
and at still higheu' vacua it fills tlu', entire space of the vacuum 
tube. At tlu^ samt; timci tlu', rtMiiurcxl voltage is decreased with 
decreasing gas ijressure, as discaissed above. 

46. I show you h(s-{^ (big. 31) the gradual change from the 
static si)ark to tlu; (leissh'r tu))(; glow: in a closed glass tube G, 
I have two n('{;dh;-sliap('d l,(;rminals,r) cm. distant fromeach other, 
and supply ilium with eiu'rgy from a small 33,000-volt trans- 
former. You see (Ik; oscillating static spark at atmospheric 
pressure. Jiy now exliausting tlu; tube, wlule the voltage is 
maintaim'd at tlu; terminals, you can watch the gradual change 
from the, sialic spark to tlu; (fi'issler tul)e glow. In this experi- 
ment, a small condense;!’, ii Liiyden jar, is shunted across the high- 
potentiid termimds of llu; l,i’ansfornu;r, to guard against the 
disruptive conduction cli.'Uiging to continuous conduction, that 
is, to an Jirc, and ji rciactiince insertt;d into the low-tension pri- 
mary of tile ste[)-up transformer, to limit tlie discharge current, 
as shown diagnimmaticidly in Idg. 31. 

If the (l('issh;r lube has a conskhirablc diameter, 3 to 5 cm., 
the Geissh'r discluirge with idtenuiting current is striated; that 


iliigisssa 
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is, (lisk-Mhai)(Hl bright spots with tUffused outlines alternate with 
less luminous s|>aces, about as shown in Fig. 32. The distance 
betwt-'en the luruiiious disks iinueases with decrease of the gas 
pressure. Two sets of such disks exist, one issuing from the. 
one, the other from the other terminal. They are stationary 



only if the gas prt'ssurc is perfectly constant, but separate and 
contract, with the slightest change of j)ressurc, hence are almost 
never at rest, but constantly moving through each other. The 
two sets of disks, by passing through each other during their 
motion, givcj rise^ to a number of ditlerent appearances. Some 
of the siic,c('ssiv(‘ sha|)('s are shown in Fig. 32. 

The voltage distrilwtion in the space between the terminals, 
in disruiitive conduction, also changes with the pressure, at 
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j 

I atmospheric pressure, practically all the voltage is consumed in the 

I space between the terminals, and between needle points for dis- 

I tances of 10 cm. and over very closely 4000 volts effective alternat- 

i ing per cm. (10,000 volts per inch) are required (corresponding to a 

I j^reakdowngradientof 30, 000 volts per cm. in a uniform field). With 



Fig. 32. 


decreasing gas pressure the voltage consumed in the space be- 
tween the terminals decreases, but the voltage consumed at the 
terminals in(!roas( 3 s, and in a good Geissler tube vacuum with 
nitrogen gas filling the space between the terminals, from 1000 to 
3000 volts may be consumed- at the terminals, while the voltage 
consumed in the space between the terminals may drop as low 
as 2 voli;s per cm. or less. 

The voltage consumed at the terminals seems to decrease with 
increase of their size. The voltage consumed in the space be- 
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tween the torniiiials, that is, in the luminous stream of the Geiss> 
ler tube, seems to be practically independent, not only of the 
current, but ;dso of the sisie of the tube, as should be expected 
with a disruptive discharge. It varies, however, with the tem- 
ptirature, and is different with diiferent gases, that is, different 
gases liave different disruptive strength. 

The light givim by tlu^ Gdsska- tul)e sliows the spectrum of the 
gas, and thus is very l)right and fairly efficient with a gas as nitro- 
g(‘n, and especially neon, wliich gives a large number of spectrum 
liiKis in the visi1)l(‘ range, and less efficient with a gas as carbon 
dioxides or liydrogen, in which th(‘ lines in the visible range represent 
only a small i)art of tlu; radiated eiKH’gy. 

industrial use of tin; eleetro-himiiiescence of disruptive 
'■onduction, tluit is, Geissl(;r tulH; lighting, is still limited (Moore 
tul)e). Sofaronlyni1rogengiv(‘s a fairly good efficiency; itreaches 
ajjpartaitly value's b(;tween the tungstcai lamp and the tanta- 
lum lamp, or, a spee/ilic. (;onsum|}tion of two watts per mean 
splnaical {;!indle pow(;r. Tin; (;olor of the nitrogen spectrum is 
a rt;ddish y(;llow. As tin; range; of gas pressure in which the 
voltage; is near the; minimum is very narrow, and the gas pres- 
sure; (diange's during ope'nition, by absorihion at the electrodes, 
e'tc.., me'iuis Inive' to lx; provide';! to maintain constant gas pressure 
by aiitdiiuitically fe'enling gas inh) the tube whemever the pres- 
sure dro})S below the; minimum voltage; or maximum efficiency 
jjoiut. The; gre-ate-st disiid vantage; e)f Geissler tube lighting, 
liowevc'r, is tin; high voltage; reepiire;;! at the terminals. To get 
fair etli(‘ien(;y tin; tube* must l)e; so long tlnit the voltage con- 
sumed in the stre'am whie;h re;})re'se;nts tin; power converted 

into light is muc;h larger tlnin tin; voltage; consumed at the 

terminals - whie;h re'i)resents waste;d powe-r. With a terminal 

drop of 2{)0() volts, and two volts [)e'r c.m. in the conducting gas 
stre-arn, to use; half of the;sin)ply volt,ag;e for light production, thus 
re(|uir(;s a tube lenglli e)f 2()tio/2 == 1000 cm, = 10 m. or 33 feet, 
and 1-0 use; 80 i)er ceaii e)f tin;; supply voltage for light production, 
tliat is, wjist.e; only 20 per cent of the; siipplit;d power in heating the 
tcrnunals, recpiire;s a tuljc length of 8000/2 = 40 m. or 133 feet. 
Thus the Ge;issle;r tul)e as an illuminant is essentially a large unit 
of light, reeiuiring higli vedtage (which obviously may be produced 
by a transformer at the tube) and luiving a very great size. It 
gives, howeiver, low intrinsic brilliancy and splendid diffusion of 
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the light. Neon gives a still much higher efficiency, though a red 
light, and as a noble gas is only very slowly absorbed, but is a very 
rare gas. 

Continuous Conduction. 

47. In continuous conduction, or arc conduction, the conductor 
is a stream of electrode vapor, which bridges the gap between the 
electrodes or terminals. 

While in the spark, or the Geissler discharge, the conductor is 
the gas whic.li fills tlui spjice between the terminals, in the electric 
arc the (iurrent makes its own conductor, by evaporation of the 
electrode material, and maintains this conductor by maintain- 
ing a supply of conducting vapor. Tlie color and the spectrum 
of the arc, thus, are those of the electrode material, and not of 
the gas which fills the space in which the arc is produced, and 
the llatu^(^ of 1h(^ gas in thcj spac.e thus lias no direct effect on 
the arc,. Its [)r(^ssur(^ nliviously has an effect, as the vapor pres- 
sure of th(i c.onducting arc stream is tliat of surrounding space, 
thus inc.reases wit.li inert^asing gas pressures, and the arc vapor 
then contracl'-s, tlu^ Jirc, gets thinner, while with decrease of the 
gas pr(^ssiir(‘ in the si)ac,e surrounding the arc, the vapor pressure 
of the arc st-nuun also dec.n'asc^s, thus the vapor expands, and 
the arc, sfri'atn bec.omes larger in sec.tion and correspondingly 
less luminous. 

As tins arc, conduc.tor is a vapor stream of electrode material, 
this vapor sf.reaui must firsf, b(' ])roduc,(Hl, tluit is, energy must 
first 1)0 ex|)en(l(’d Ixl'orc) arc e.oiiduction can f/ake place. A.n arc, 
that is, c.onlinuous c.ondiiction, Iherefore, does not start spon- 
taneously between (he arc terminals if sufficient, voltage is sup- 
plied at 1h(‘ ((‘rminjils to mainliiin the arc, but the arc has first 
to l)e starind, that, is, tln' c.onducting vaj>or liridge produced by 
the (vxpc'iiditure of tmeagy. 

If, therefore, in the arc the current ceases even momentarily, 
the conduct ion ceases by (he disappearance of the vapor stream 
and does not start again s[)onta,neously, but the arc has to be 
started liy producing a vai)or st.n'am. Witli alternating voltage 
supply tli(‘ arc, thus, would go out at, the zero of current and have 
to be st art ed again at, ('V(uy ludf wave. In general, the arc, thus^ 
is a direct, current plienomenon. 
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Some of the means of starting arc conduction are : 

(1.) By bringing the terminals into contact with each oth( 
and tlua-eby closing the circuit, that is, establishing the curren 
and th(‘ii slowly separating them. In the moment of separatic 
the c()nta(!t i)oint is heated, vapor produced at it, and during tl 
separation of the terminals, a vapor stream is left behind i 
conducting bridge. Obviously, if the terminals are separate 
very rapidly, anti the voltage is not much higher than require 
to maintain the’'arc, not enough vapor may be produced to co: 
duct tin; currt'iit, and the arc does not start. 

(2.) By raising the voltage between the terminals so high th; 
a static; spark i)asses between therti, that is, disruptive conductic 
occairs. Tlie ent'rgy of this static spark, if sufficiently large, th. 
is, if the high voltage is maintained sufficiently long, then pr 
duces die vat)or strecim and starts thcj arc, that is, the arc follow 
the si)ark. If tin; duration of the high voltage is very short, tl 
energy of the spark may not be sufficient to start the arc. Th' 
higli freqinmcy discharges betwcien live terminals frequently a 
not followed by an arc, and the lower the voltage between tl 
terminals is, the more powerful a static spark is required to sta 
an arc. 

(2.) liy supj)lying tlie (conducting vai)or stream from anoth 
arc,, that is, by an auxiliary arc. If tlu; vapor stream of tl 
auxiliary an; issue's from tlu; same terminal as the vapor strea 
of th(! main an; which is to lx; started, only the normal operati] 
voltage is nxiuin'd in start ing the latter arc, while a higher vo. 
age is reeiuired, if the vapor is supplied by an entirely separa 
ar(;. 

(4.) By raising the siiacx; between the terminals to a very hii 
tempea'ature,, as by l)ridging the terminals by a carbon filamei 
and by the passage of current raising this filament to very hi: 
tenuxa'atun;. 

48. TIk; shari.) distin(;tion between tlie arc, in which the cr 
rent makc's its own conductor by a vaijor stream issuing fre 
the t(;rininals, and tlie Geissler discharge, in which the curre 
uses the; gas whi(;h fills tlu; spa(;e as (;on(luctor, is best illustrat 
by using in dtlier c,asc the same material, mercury, as conduct! 
I have liere a vacuum tuhe, shown to scale in Fig. 33, about 2 
cm, diameter, with throe mercury terminals. The tube has fc 
mercury terminals,, of which, however, I use only three. T 
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gas which fills the space between the terminals is mercury vapor * 

1 now connect, as shown diagrammatically in Fig. 34, terminals 

2 and 3 to the high potential coil of a step-up transformer — the 
low potential circuit contains a reactance to limit the current — 
and you see the striated Geissler discharge through mercury 



vapor appear between terminals 2 and 3, giving the green light 
of the mercury spectrum. The terminals are quiet, as they do 
not participate in the conduction. I now connect terminals 1 
and 2 through a resistance, to a direct current supply, and tilt 
the tube momentarily to let some mercury run over from 2 to 1, 
and by thus momentarily connecting these terminals, establish 
the current and so start the arc, and you see the mercury arc 
pass between terminals 1 and 2, and see at one terminal — the 
negative one — a rapidly moving bright spot, which marks the 
point from which the vapor stream issues which carries the cur- 
rent. We have here in one and the same vacuum tube, and 
with the same material -- thus, the same color and spectrum of 
light, both types of conduction — the continuous high current and 
low voltage conduction of the mercury arc, and the striated high 
voltage, low current disruptive conduction of the Geissler dis- 
charge through mercury vapor. 

The conducting vapor stream which carries the current in the 
arc, at least in all arcs which so far have been investigated, issues 

* A trace of hydrogen is left in the tube, to lower the alternating voltage 
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from tlu' iit'gativc* terminal or cathode, and is in rapid motion 
from the negative towards the positive. The character of the 
ani, therefore, is determined i)y the material of the negative 
terminal, the tcnnijeratun' of tiie arc stream in general probably 
is tlui ttunperature of tlie boiling point of the negative terminal, 



and th(‘ sjKictnim of ilit‘ arc, is the spe(drum of the negative ter- 
minid. An ('Xciption herefrom, occurs only in those cases in 
which lht‘ positive t('rminal (’ontaius material which boils below 
th(^ t.cmpi'ratun' of tlu* arc, sfrc'jim (llanK* (cirlxins) and the posi- 
tive; teriuinnl is made; so small that its ti{) is raised to the 
t('mp('ra1ure of th(‘ arc, stream, and at this temperature heat 
eva,pora,tion of tli(' material of tlu; ])ositivc oc,c,urs. These vapors 
('nt,er tlu; an; stroini, and then' IxM-.onu' luminous, |:)ossibly by 
(!tu;mi(‘al lumincsc.enci', and add tlu'ir sjuu'.trum to that of the arc 
condu(;l()r, that is, tlu; negative nuitc'rial. In this ease the arc 
siu'ctruin shows the negative* as well as the positive material, or 
at least tlu; more volatile; com|)onente of the positive material. 
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’With the exception of this case of heat evaporation from the 
positive terminal, the material of the positive terminal does not 
participate in the phenomena occurring in the arc. Thus the 
positive can be made of any conducting and refractory material, 
and h made sufficiently large not to get too hot, does not con- 
sume; only the negative terminal of the arc consumes in feeding 
the arc flame, that is, supplying the vapor conductor, but the 
positive is inherently non-consuming, and may be made a perma- 
nent part of the arc-lamp mechanism. On the contrary, if the 
positive is made so large that its temperature remains very, much 
below the arc temperature, condensation of the arc vapor occurs 
at it, and it builds up, that is, increases in size. Consumption 
of the positive terminal is thus due merely to the heat produced 
at it by combustion or heat evaporation. 

While the arc conductor issues from the negative terminal, in 
general more heat is produced at the positive terminal. Thus 
with both terminals of the same size and material, as usual in 
the carbon arc, the iiositive gets hotter, and therefore in open 
air burns off faster, whicjh has led to the erroneous assumption 
that the positive feeds the arc. 

While carbon was the material most commonly used as termi- 
nals, the carbon arc is not a typical arc, but is an exceptional arc. 

(1) Because c,arbon is one of the very few substances which 
change direcitly from the solid to the vapor state, that is, do not 
melt at atmost)lu;ri(; |)ressur(i, l:)ut boil below the melting point. 

(2) Carl)on is tlie iiK^st refractory substance and the tempera- 
ture of tlK 5 carbon arc; highcu than the boiling point of any other 
substance. Any material existing in the terminals of a carbon 
arc thus c;vaporat(;s, and liy entering the arc stream shows its 
spec;trum, so tliat luininesc(;nt material can be fed into the carbon 
arc from either tc;rminal. 

(3) At the temix;rature of the carbon arc all gases and vapors 
have bc;(;ome good conductors, and a carbon arc thus can operate 
equally wuill on alternating current as on direct current; that is, 
the voltage re(|uirc(l to maintain the carbon arc is sufficient, 
after the reversal of current, to restart it through the hot carbon 
vapor. 

A typical arc is shown in Fig. 35 as^ the magnetite arc, 
with a lower negative terminal M consisting of magnetite, 
the non-consuming upper terminal C of copper, and of sue 
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size that it does not get so hot as to oxidize or evaporate, 
but sufficiently hot to avoid condensation of magnetite vapor 
on it. 

The arc flame consists of an inner cylindrical core A, of bluish 
white color and high brilliancy, slightly tapering at both ends, 
which is surrounded by a less luminous shell B, of more yellowish 
color, narrowest at the negative end, and increasing 
in diameter towards the positive, surrounding the 
latter. 

The inner core A is the arc conductor, or con- 
ducting vapor stream, while the outer shell B is 
non-condu(iting luminous vapor, possibly containing 
particles of solid material floating in it as incan- 
des(!ent l)odies. 

The arc conductor A issues from a depression S in 
a melted pool P formed on the surface of the terminal 
M. Tins depression S is in a rapid and erratic 
motion, and tliereby causes a constant and rapid 
flickering of the arc. It is this flickering, inherent to 
all {ires in which the negative terminal is fusible (which 
therefore does not exist in the carbon arc), which has 
retarded the industrial develoi)mcnt of tlu', more efficient metal 
arcs until late years. Its cause; is tin; r(;a(jtion exerted by 
the velocity of tin; vapor blast from the negative;, which press(,;H 
the surface of the liejuid pool down at the point from which 
the current issiu's. Tlu; starting })oint of the current con- 
tinuously climbs up tin; side of this depr(;ssion, in shortening 
the arc, but, in (loing so, (U;pr('ss(;s its new starting point, 
that is, the (h'pressi ai *S', and ther(;l)y the; negative end of the 
arc stream moves ov(;r the; surhuu; tlie. faster the more fluid 
the surface is. In tlie mercairy arc,, this i)li(;nomenon of tlie 
running s]:)()t at the iu;gativ(; t(;rmi!ULl thus is very marked, but 
not so objc(;tional:)le, as tlie arc str(;ani is so long that die flicker 
at the negative terminal has no (;ff(:;ct on tin; tolial light. This 
flickering disapiiears in the magnetite arc, if we destroy die 
fluidity of the melted magnetite liy mixing with it some miicli 
more refractory material, as chromite. The (diromite remains 
solid and holds the melted magnetite like a sponge. The reaction 
of the vapor blast, then, cannot depress its starting point, and no 
tendency exists of shifting the starting point, and the arc becomes 
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steady- tliis manner such arcs have now been made steady 
and thereby suitable for industrial use. 

49. Binoe thti are conductor issues as a rapidly moving vapor 
stream from the negative terminal or cathode, it must be con- 
tinuous at tlu^ e,atho(l(',; if intm’rupted even for a very short time 
at tlui cathodt^, a break (exists in tiie continuity of the conductor 
and condue-tion chuusc's, that is, the arc extinguishes. At any 
other point of th(^ arc stream, however, a break in the continuity 
of the. stn^am may exist, i)rovi(ltHl that current continues from 
the m^gative, sinct^ such a l)reak in the continuity of the con- 
ducting vapor str(.;am is Ijridged again, and conduction re-estab- 
lishal by the, vapor stnsam coming from the negative. Thus the 



an; c.an }h‘ started l)y nu'ivly starting a condiKiting vapor stream 
from tlu! negativis as liy an auxiliary an;. As soon as this con- 
diKding vapor reaelies tlu* pfisitiv;^ bu'tninal, it (;los(;s the ciicuit 
and esIaltlLshes conduction. An an; (;an lx; shift(;d or jumped 
from one posit ive terminal tn anoilu'r oiu;, l)ut (;annot bo shifted 


from ncgativi‘ to negative 


(h(‘ iK'galivc; t,(;nninal, as the source 


of the (‘oiulueting vapor stream, must bt; c.ontimious. 

To illustrat(‘ this, I h.ave hen* (Idg. dti) in a hand lamp two 
eojjper rotls .4 and li of al)otit d mm. diam(;U'r, as arc tcrmmale, 


Hcnaratcd liy T.-o e.m., and (;onne(;tcd into a 220-volt direct-cur- 
rent circuit , wit li sntlicicnt. resistanc.c's in si'.riesto limit the current 
to aliout I amp<‘re.s. A third (;opp(>r rod of the same size, C, 
is connected by a fh'xibh; h'ad to tin; ni)l)er tc;rmmal B. 
the reversing swiic.li S so as t.o make; 


I close 
1 n(;gative, and B and C 
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positive, and start an arc bcitweeii A and C by touching C to A. 
I draw tins are to about 4 cm. length, and without touching C 
with B, as soon rus the conducting vapor stream of the arc AC 
(the inner core A of Fig. 35) touches B, as shown in Fig. 36, the 
arc Ituives C and goes to B, that is, by the arc AC I have started 
arc AB. If I liad s(^|>arate resistances in series with the terminals 
B and C, the; arc AC would also continue to exist after it started 
arc A B ; ot lierwisci, as two arcs cannot run in parallel, the longer 
anj, ilC, got's out as soon as the shorter arc AB starts. 

1 now H'vt'rse the circ-uit l.)y throwing switch S, and make A 
positives, and B and C lU'gativc!!, again start AC by contact, and 
draw it out until the arc flame wraps itself all around terminal 



B, l)ut tlu^ a,r<’. does not, tninsfer. I even insc'rt 10 ohms resist- 
an(‘,(^ 'i\ iti s(‘ri('s with C (Idg. 37), so that the voltag(; AB is about 
■ 10 volts higlua- than AC, tliat is, B l)y 40 volts more, negative 
than C, and still tlu; are, do(‘s not transfer. I now touch C with 
B and s(^paratc it again; if during (amtad, fhe lu^gative spot 
(luring its motion liapixsis to run ovta* to tca’ininal B, thii arc con- 
tinues l)(rlAV(‘en B and A ; if, howeveu, tlu^ nc^gativc^ spot has 
n'lnairUHl on C, wlnm sei)arating jigain, tht'. arc remains at C as 
negative, although B is more negative l)y 40 volt.s. 

An arc, tlierd’ore c.an ])C^ started at its normal starting voltage 
l)y an auxiliary arc having tlie same lU'gativc', Imt not by an 
aiixiliaiy arc. with the sanu' positive, and an arc can l)e shifted 
from one p(,)sitive to another, but not from one negative to 
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another. The (fau.se is, as (explained above, the necessity of the 
continuity at t lie negative tcu'ininal as the source of the conduct- 
ing vapor stn^aiii. 

Still nion^ startling is thc^ following (hiinonstration; I shift the 
resistance 1\ from C to B, and start the arc from A to B, with B 
as ncgativ(‘, ])y bringing tlu!S(^ terminals into contact with each 
other, and tlu'U sei)aratiug them. The auxiliary terminal C 
(Fig. 38) now is ])y 40 volts more nc^gative than the negative 
terminal B of tln^ are.. 1 now e.ut slowly tlirough the arc stream 
by moving t' across it litd.wetm A and B, as shown in Fig. 38: 
the arc AB rtmiains, l)iit no cairrent goes to C, although more 



negative, tliat is, at a higher pot.cmtial diffcuniHu^ and a shorter 
distance against A than B is. I evani hold C for some time in 
the (jonduedng vmv of the are, AB, and still tins current does not 
shift from the negative B to tin* still more ncigativc; terminal C. 
This experiment is inteirsl ing in dt-monstrating that a condnctor 
iimnensed into the are llanie does !iot ussunu^ the potential of the 
arc llanic, hut may <iilTer therefrom l)y cnnsuU'raldc voltage, and 
that it fhendore is not fiaasibh' to (hd.caniinn tlu', potential dis- 
trilmlimi in iui arc by means ol (‘xploring electrodes, as has 
frc<|nenlly been at tempi c‘d. 

Olivimisly, if 1 now reverse tlie circ.uit, and make B and C 
positive. .1 negative, tlie eurrent lejives B a,nd go('s to C as soon 
as C teiaiu-s the eondiieling lau’e of the are. AB. 

50. The elect rie are, tiierefore, is a ^ 

that is, till* vapor .stream is conducting between its negative 
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terminal A in Fig. 36, that is, the starting point of the arc 
stream, and any point reached by it which is positive to A, but 
is non-conducting for any point which is negative with respect 
to A. 

If, now, in Fig. 38, with the terminal C immersed in the arc 
stream, I connect A and C to a source of alternating voltage, 
as shown in Fig. 39, while a direct-cnrrent arc flows from A to B, 
with A as negative, then during that half-wa\e of the alternating 
voltage, for which C is positive to A, tliere is current between A 
and C, while for the reverse half-wave, in wliicli C is negative to 
A, there is no current. The arc thus recdifies the ^alternating 
voltage, and the rectification is complete, that is, there is 



current during onc^ half-wavi*, only, !)ut no current at all dur- 
ing the other. 1 show you this exiieriiucntally, using 110 volts 
alternating between A and (L With this arrangement, to 
maintain the rectification continuously, obviously the ter- 
minal C would have to be cooled. 

Alternating voltage thus c.an be rectitii'd liy nu'ans of the 
unidirectional character of the arc: if a continuous vapor stream 
is maintained from one terminal, ('ither by diri'ct-current (*x- 
citation or by overlapi;)ing si'Vi'ral w;iv(‘s of alternating inir- 
rent, current is in that direction only in wliicli this ('.xciter 
terminal is negative, but not in the opposite dirc'ction. 

Such arc rectifiers — of which the mi'rcury arc rectifier is the 
most commonly used — have bi'cn developed and extensividy 
introduced in the industry, of late yc'ars, for operating low-volt- 
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age constant direct potential and high-voltage constant direct- 
current circuits from a source of alternating voltage. Regarding 
the electrical phenomena occurring in arc rectification, see 
“Theory and Calculation of Transient Electric Phenomena and 
Oscillations/’ Section II, Chapter IV, 

The inability of an alternating voltage to maintain an arc, 
I show you here on the same apparatus by connecting the two 
terminals (Fig. 40) JE and B to the 1000-volt terminals of a 
transformer — with sufficient resistance in series to limit the 
current. 

While 220 volts direct current easily maintained a steady 
2-cm. arc between those terminals, with 1000 volts alternating 
between the terminals, if I try to produce an alternating arc 
by gradually separating the terminals, the circuit opens before 
the terminals have scjparated 1 mm,; that is, 1000 volts alter- 
nating cannot maintain an arc of 1 mm. between these copper 



terminals. The (•,aus(i is obvious : to maintain an alternating arc 
betwtHiii i,wo tcs’tninals, a voltage is Jtaiuired sufficiently high to 
restart the arc ai, ev(‘ry lialf-wave l)y jumping an electrostatic 
spark l>(!tw(!eii the t.erminals through the hot residual vapor of 
the preceding lialf-wav(5. The voltage reciuired by an electro- 
static spark, that is, by disruptive conduction, decreases with 
increase of l4',mp(',rature: for a 13-mm. (0.5-in.) gap, it is about 
10,000 volts at atmosi)heric temperature, 7000 volts at the 
boiling i)oiiit of mercury (360 deg. cent.), 2500 volts at the 
boiling point of zinc (1000 deg. cent.), 500 volts at the boiling 
point of inagiu'.tite (2000 deg. cent.), 100 volts at the boiling 
point of titanium carbide (3000 deg. cent.), 40 volts at the 
boiling point of carbon (3700 deg. cent.). The voltage re- 
quired to maintain a 13-mm. alternating arc must therefore be 
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at least as high as given by a curve somewhat like curve I in 
Fig. 41 * (to bring the values of voltage within the scale of the 
figure, the logarithm of voltage, as ordinate, is plotted against 
the temperature as abscissa). 

The voltage required to maintain an arc, that is, the direct- 
current arc voltage, increases with increasing arc temperature, 
and thereby increasing radiation, etc. For a 13-mm. (0.5-in.) 



arc it is approximatc'ly shown as Curve II in Fig. 41 . 20 volts 
for tlie menairy arc, 40 volts for the zinc arc, 60 volts for the 

+ Ah the diBruptive voltage also depends on the chemical nature of the 
vapor, tliat is, some gases and vapors have a higher disruptive strength than 
others, as discussed above, the arrangement of the different materials regard- 
ing their alternating arc voltages is not entirely determined by their boilmg 
points, but modified l:)y individual characteristics. It further depends on the 
current! at higher currents and thus larger amounts of residual vapor, the 
voltage is lower. It further depends on the frequency: the lower the fre- 
quency and the greater, therefore, the cooling effect during the reversal of 
current the higher is the required voltage. 
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magnetite art*., 75 volts for the titanium carbide arc, 80 volte 
for the carbon arc,* 

As seen from Fig. 41, the curves I and II intersect at some 
very high tc‘inperature, near the boiling point of carbon, and 
materials whie.h have a boiling point above the temperature of 
intei’section of these curves require a lower voltage for restart- 
ing the an; tlian for maintaining it, and a voltage sufficient to 
maintain tin; arc. rc'starts it at every half-wave of altcniiating 
current, that is, siudi materials can maintain a steady altcirnat- 
ing an; at the same voltage as a direc;t-(;urrc;ut an;, hhaai 
materials like; titanium carbide, in which the starting voltage, is 
not mu(!h alxevc; the running voltage, maintain a st(;ady all.i'r- 
nating an;, as in starting, the voltage consumed during running 
in the st,t‘adying resistance or reactance is available;. 

Alba'iiating ar(;s thus can be maintaim;;! at moderal;; volt- 
ages only l)y a ft;w materials of extremely higli l)oiling i)oints, ns 
carbon and c.arbides, !)ut by far the largest numlx'r of materials 
cannot lx; used as t.c'nniuals of an alt(;rnating-(;urr{;nt an;. 

In Fig. 41 th<; range; l)etween the (;urv('S 1 and I I is tiie 
‘'n;el,ifyiiig range;," as in this range; unidir(;(;tional (;urre;n{. is 
produt;ed from an alt(;rn{iting soure.e of volf.Jige; f.hrougli the* an;, 
if the; arc (;onelu(;ie)r is maintainexl by e;xe;itation e)f its ne'gative; 
terminal. The; vetllage; range of re;e;titje;atie)n thus is higlie‘st in 
the; nx'rc.ury iire;, whie;h lias the leiwe'st te'uipe'rature', iuid vanishe’.s 
in V(‘ry liigh-te'nipe'rature; arcs. The; e;arbe)n a, re; thus e*;i.mml, 
give; e-.eimpli'te* re'<;Fdie>atie)n, while the; nie‘re;ury are;, eer :;'/me; arc, 
etc.., c.an dei sei, d’lu; me;rciiry are;, having the; gre'ale'st re'ehi-- 
flcatieen range, (bus is ])ra,cti(;ally always used for (his ])urpose. 

Below e;urve* 11 eif Fig. 41 no condue;tie)n oc.e;urs, Ix’l.we'e'U 
curves I and II, unidirectiemal condue‘(ie)n lake's place', and 
abeeve; e-urve; I disruptive; cemehieetiem by alte;rnating eeurre'iil. 
can e;xist. 

51. Tlie; ligbi, anel in ge;neral the raeliathm give'ii by the; are; 
pre>pe'r, that is, by the; vapor conducteer whieeli e;a,rri('s the' c.iir- 
rent Ix'twee'ii (be ie'rminals, is due to luinine‘se;('nee', (luid is, (o 
a more' etr le'ss elire'eet transformatie)n eef e'le'e;(,ne; e'lU'rgy int.o 

vollux'* ‘’i-lso is noli nicirely a feinotion of IJk' ai’C l)nt 

m()(li(i(!(l Hoiiunvliut. I>y (.he; cluitnical individiialil.y of Uio inatari.'d. It is !i 
fimctioii of th(! euii-nait and deicrcase’.s witli iiu!r(;aH(; of (aerreinl, ho tliat aliove 
values are ai)proxiinatc; otdy, corre.sponding to aljont 4 aini)(ire!.s. 
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radiation, without heat as intermediary form of energy. The 
quality or color of the light, or its spectrum, that is, the fre- 
quency or frequencies of radiation given by the arc stream, 
thus are not a function of the temperature, as in the radiation 
produced by heat energy, but the frequencies are those at 
which the luminescent body is capable of vibrating, that is, 
are determined by the chemical nature of the luminescent body 
or vapor conductor. The efficiency of light production thus 
does not directly depend upon the temperature, does not in- 
crease with increase of temperature, as in temperature radia- 
tion, but to some extent rather the reverse. We have the same 
relation as in other energy transformations: when converting 
heat into other forms of energy, the more intense the heat, 
that is, the higher the temperature, the higher efficiency we 
may expect. When transforming, however, some form of 
energy differing from heat, into another form of energy, as 
mechanical into electrical energy, the heat produced repre- 
sents a waste of energy, and the lower the temperature, the 
higher in general, otlier things being equal, would be the effi- 
ciency. The efficiency of light production by the arc thus is 
not a function of the temperature, but the lowest temperature 
arc, the mercury arc, is one of the most efficient. 

The light given by the arc contains only a finite number of 
definite wave lengths, that is, gives a line spectrum; very few 
lines in the ordinary mercury arc, many thousands in the tita- 
nium arc. The color of the light is essentially characteristic ^of 
the nature of the luminescent body. For instance, it is white 
, in the titanium arc, as the lines of the titanium spectrum are 
fairly uniformly distributed over the entire visible range.^ The 
light of the calcium arc is orange yellow, as the spectrum fines of 
calcium are more frequent and more intense in the orange- 
yellow range of radiation, etc. 

Frequently a change of the color of the luminescent light of 
the arc occurs with the temperature, but it does not follow 
a definite law, as in temperature radiation, but is a char- 
acteristic peculiarity of the luminescent body: some of the 
spectrum lines increase more rapidly in intensity, with increas- 
ing temperature, than others, and the resultant color of the 
light changes thereby. For instance, the ordinary iron arc, as 
produced by 4 amperes direct current across a gap of 2 cm, 
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between iron or magnetite terminals, and requiring about 75 
volts, is white and very brilliant, that is, has a spectrum with 
many lines about uniformly distributed over the visible range. 
'W'e can greatly increase the temperature of the arc by using a 
high-fre(iuericy condemser discharge: in this case very large 
currents of very short duration exist as oscillations between the 
terminals, witli periods of rest between the oscillations, very 
long coinpar(‘d with th(i duration of the current. In this case 
the duration of the currcait is too short to feed a large volume 
of electrode vat)or into the arc stream, and as the current is 
very large; during the short moment of the discharge, the 
vapor betw(;t;n tin; tc^rminals is very greatly overheated. Oscil- 
lating cond(;ns(;r discharg(;s thus offer a means of increasing the 
temperature; of the arc stream very greatly beyond the boiling 
point of tlie mattnial. Whcai using a condenser discharge be- 
tweem ire)n ten*minals, wo thus g(;t an iron arc of very much 
higher tennpeirature, and this are; gives very little visible light, 
but a very hirge amount of ultra-violet radiation. It is this 
arrangeme;nt wliiedi we have usenl in the preceding to produce 
ultra-vie>let light l)y tlie; so-callt;d “ultra-violet iron arc.” In 
the iron arc tin; aven’agt; wave length of the radiation thus shifts 
with inc.rejising temperatun; to shorter wave lengths, or higher 
fre(lU(;n(;i(^s, similar as m t(;mp(;rature uidiation. 

Tlie r(;verH(; is the (aise with tlu; m(;rcury arc; the ordinary 
uK're.iiry arc in an evacuated glass tidx;, with ample condensing 
chaml)cr, giv(‘s practicnlly no ml light; only a very powerful 
sp(ietr()Scop(‘ e,an discover some V(;ry faint red lines. If now 
the condeasalion of tlie mercury vapor is made insufficient, 
by ohsl,rii(;(,ing ventilation, or greatly raising tlie current, or 
omitting the cmKhmsing chamlx'r in tlie construction of the 
lain]), and the mercury vjqior |)r('ssure and thereby the tem- 
perat.ure incn'ased, at l(;ast three red lines located about as 
sliown in Kig. -12 Ik'c.ouu; visible in the mercury spectrum even 
in a low-poW(‘r spe(;l,r()seo])e, 
and iiic.H'ase in intensity with 
inereasing va|)or })ressure. To 
showyouthis I useall-shai)ed 
meremry lamp eonstnic.ted as shown half size in Fig. 43. I con- 
nect tii(‘ lain]) into a 22t)“Volt dir(;(;t-cuiTent circuit, with an 
inductive resistance in scries thereto, to limit the current, and 
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start the arc by pouring some mercury over from one side to 
the other. Immediately after starting the lamp you see no red 
lines in the low-power spectroscope which I have here. As with 
the large current which I use — 3 amperes — the mercury vapor 
cannot freely condense, the mercury vapor pressure rises and 



Fig. 43. 


presses the mercury level down in the center tubes, up in- 
the outside tubes, as indicated at h in Fig. 43, and thereby 
enables us to measure the mercury pressure. Gradually you 
see the three red lines appear, and increase in intensity, and 
when the vapor pressure has risen to about 5 cm., the three 
red lines are fairly bright, and numerous other red and orange 
mercury lines have appeared. At this pressure we are so close 
to the softening point of the glass that we cannot go further, 
but by operating the mercury arc in a quartz tube, vapor pres- 
sures of several atmospheres can be produced, and then the red 
lines are very much more intense, many more lines have be- 
come visible in the mercury spectrum, and the light is far less 
greenish than the low-temperature mercury arc, more nearly 
white. 

Still much higher temperatures can be reached in tbe 
mercury arc in an ordinary glass tube by using the condenser 
discharge. 

I have here, in Fig. 44, a mercury-arc tube with four 
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terminals — the same which I used in Fig. 34 for showing 
simultaneously the mercury arc and the Geissler discharge. I 
connect terminals 3 and 4 to the high potential terminals of a 
step-up transformer, but shunt a small condenser C across 3 and 
4 ' you see, in the moment where I connect the condenser, the 
previously existing green and striated Geissler discharge changes 



to a bridit niiikish-rcd arc, and the spectroscope shows that the 
spectrum lilies in the red and orange have greatly increased in 
numbcir and have increased in intensity beyond that of the 
lines in the grcaai and blue, and the color of the light therefore 
has changed from green to pinkish red. 

We liave here in the same mercury tube shown diagram- 
matieallv in Fig 44 all three forms of luminescence of mercury 
“ tlm higd^ low-voltage, low-temperature arc of 
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uniform green color, from 1 to 2; the green high-voltage low- 
current vStriatecl Geissler {iiscliarge, from 2 to 3, and the red high- 
voltage mercury arc, from 3 to 4. 

In tlie mercury arc, as result of the more rapid increase of 
intensity of the red lim's, tint color of the light thus changes 
with increase of temperature from bluish green at low tempera- 
ture to white to red at very high temperature, that is, the aver- 
age freciimiicy decreases witli increase of tcanperature, just the 
reverse from what is the case with tempc'rature radiation. 

The change in tlie distril)ution of the power of radiation 
between the differc'nt spectrum liiicvs, with change of tempera- 
ture, may incrc'ase the efhdime.y of light i)roduction — if the 
lines in tlie visible range in(tr(‘ase fastc'r than in the ultra-red 
and ultra-violet — or may decu'ease — if the visible lines in- 
crease slower— or may inen^ase in some temperature range, 
decrease in some otln'r l(‘mp(‘rature range, liut all these changes 
are cliaracteristic of the lumini'sciint material, and do not obey 
a general law. Tims in the naa-miry arc the effiijiency of light 
production, with incr(‘as(* of temjieratnre, rises to a maximum 
at about loO d(‘g. ccsit., f.htsi decri^ases to a minimum, and at still 
higher temp(‘ratur(i imtrc'ast's to a second maximum, higher 
than the first one, pr)ssibly betweim (lOO and NOO deg. cent., and 
tlum decreascis again. 

52. Kssi'iitially, howevis', the eflicit'iic.y of light production 
by the an; is a (tharacdnristic; of [he mat.erial of tlie arc stream, 
and thus sulistants's which giv{‘ a Jargt; part of their radiation 
as s|)e(;trum lines in the visilile raiigi* — as (tale.ium — give a 
very etrieic'iit an;, while* Ihost* substanei's whie.h radiate most of 
their energy as liiK'S in tin* invisible, ult ra-violiit or ultra-red — 
as carbon — give* a V(‘ry inetlicii'iit, are. The probhan of efficient 
light pro(hi(;tion by the are Iherefon* eonsists in selecting su(;h 
materials which give* most of their radiation in tin; visible range. 

Garboii, whit'h was most g'licrally us(‘d for arc terminals, is 
one of the most inefficient. mul(*rials: the, (;arbon arc gives very 
little light, and that of a, disagrc(*;d)l(‘ vioh't c.olor; it is practi- 
cally non-luminous, and th(' light given by ilu; carbon arc lamp) 
is essentially ineandt'seent, light, leiiijx'ratiire radiation of the 
incandoseamt tip of the pnsilivi* f;arbon. The; fairly high effi- 
ciency of the carbon arc lamp is dm; to t.lu; very high tempera- 
ture of the black body radiator, which gives the light. 


LUMINESCENCE. 


123 


The materials which give the highest eflS-ciencies of light 
production by their spectrum in the arc stream are mercury, 
calcium and titanium. 

As mercury vapor is very poisonous, the mercury arc has to 
be enclosed air-tight, and has been developed as a vacuum arc, 
enclosed by a glass or quartz tube. Its color is bluish green. 

Calcium gives an orange-yellow light of very high efficiency, 
and is used in most of the so-called “flame-carbon arcs,’' or 
“flame arcs.” 

Titanium gives a white light of extremely high efliciency. 
,It is used in the so-called “luminous arc,” as the magnetite arc 
in direct-current circuits, the titanium-carbide arc in alternating- 
current circuits. 

53. Two methods exist of feeding the light-giving material 
into the arc stream : 

(1) By electro-conducMQn, that is, .using the material as the 
vapor conductor which carries the current. In this case, it 
must be used as negative, as the vapor conductor is supplied 
from the negative; siuili arcs are called “luminous arcs.” 

(2) By heat evaporation; in this case, a very hot arc must be 
used, and tlius usually a carl)on arc is cmi)loycd. As the posi- 
tive terminal is the h{)tt.(.ist, the material is mixed with the car- 
bon of the positive terminal, and as negative terminal either a 
plain carbon, or also an impregnated carbon used; such arcs 
are called “flame arcs.” 

The method of hciat evaponition is always used with calcium, 
since no stabhj conducting caldum compound is known which 
may be used as lugativt^ arc; terminal. With titanium, usually 
electro-conduction is (!m])loyc;d, tliat is, a titanium oxide-mag- 
netite mixture, or titanium m(;tal, used as negative terminal, 
and any other terminal, as coppeu' or c,arl)on, as positive ter- 
minal. Titanium (iaii also be introduced by heat evaporation 
by using a titanium-carbon mixl.un; as positive terminal or as 
both terminals of the flanu'-carl)on arc. 

Both nuithods of fecnling --- (leclan-conduction and heat evapo- 
ration — have advant<'ig(;s and disadvantages. 

Electro-conduction luis the; great advantage that the tem- 
perature of the t(!rminals is immaterial, as heat plays no part in 
feeding the; luminescemt material into the arc flame. The posi- 
tive terminal of the arc can be made sufficiently large and of 
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such material as not to consume at all, and the trimming of 
lamp thus ixHluced to the rc'ijlacing of one electrode only _ 
negati\L. Ihe lU'gative electrode also can be made so large 
to remain fairly cold, and therefore consumes only at the vi 
slow rate required to supply the arc vapor, but does not c< 
surne by combustion or heat evai)oration. Thus its rate of C( 
sumption can be reduced to 1 mm. or less per hour (while i 
open carbon arc of old consumes about 5 cm. of electrodes i 
hour), and tlierciby even with a moderate size of electrode a ] 
of electrodes of 100 to 300 hr, or even much more secured. T 
method of feeding thus lends itsc'lf very well to long-burning ar 
as they are almost exclusively used for Anuwican street hghti] 

By electro-conduction liiglujr (‘fFniituKues can be reached th 
l:)y heat evaiJoration, as tlic^ arcj vai)or stream when produced 
electro-conduction can hi) imule to consist entirely of the vaj 
of the lumiiK'scent matt'rial, as when using metallic titanium 
negative terminal, 

A disadvantage of tlie method of fc'cnling the arc by elect] 
conduction is the mu(;h great(‘r limitation in the choice 
materials, tlic mat(*rial must be an (huvtric* conductor, which 
stable in the air, and reasonably incoml)us(il)l( 5 . In the meth 
of feeding by hi'at evaporal ion any material can be used, 
it is mixed with (cirbon, and the conductivity is given by t 
carbon. Ihus, in the titanium are, (‘itlnn’ metallic titanium 
titaniiun carl)id(! or sub oxichi must) lie used, but the most coi 
inon titanium c.ompound, TiO^, or rutiles, is not directly suitah 
since it is a non-condu(dor. In thc' dinatt-tnirront titanium ai 
the so-{;al](‘d magiu'tilc! an;, a solution of Tit h, or rutile, in ma 
netite, Imath, which is c.onducting, is used, that is, a mixture 
rutile witli a consideralilc; weiglit of magnetite. While ma 
netite also givers a luminous arc,— tlu' white iron spectrum, - 
the effichmey of the iron arc is lowin' than that of the titaniu 
arc, and the efficiency of tlie magm'titc; arc thus lower than th 
of the pure titanium arc, though much higlier than that of tl 
carbon arc. 

Calcium cannot be used at idl by (dec-tro-conduction : tl 
only^ more common conducting (nahhim compound is calciu 
carbide. As negative terminal calcium carlnile gives an arc 
an efficiency far superior to that of the flame-carbon arc, bu 
as calcium carbide disintegrates in the air, it cannot be used. 
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Still greater is the limitation for alternating current; in this 
case the material, in addition to its othcn* (lualific.ations, must 
have sucli a lugh boiling point as to nuiintain a steady alternat- 
ing arc, as discussed above. Of the titanium cf)mp{)unds only 
titanium carbide seems to fulfill this rociuirement; of the iron 
compounds, apparently none. 

54. The most serious disadvantage of the use of ehictro- 
conduction for feeding tlic are, how(5V(!r, has been th(i inhenmtly 
greater unsteadiness of metal are.s e.ornpared with the (uirbon 
arc. It is this feature wliieli has r(;tarded the (hivtloprnent 
of true luminous arcs until nuumt y(’ars, that is, until nujans 
were found to produce! steadin(!ss by eliminating the flickering 
of the negative si:)()t by tlu! admixt.ure of a more r(,!fra(!tory 

material, chromite in tlu! magiu'fitt! arc, —and eliminating 

the unsteadiiujHs due to the otsc.asional monuintary fading out 
of the luminous iniK'r core! of tin! an; liy the admixturt! of a very 
Binall aino\int of some mor(! vohitih! maU'rial. 

The great advantage of tlu! mt!thod of hieding tlu! lumiruiscont 
material into tin! arc flanu! ])y IkuiI miporation, mainly from tlu! 
positiv(!, is the i,)ossibili(.y of using carl)on n.s ar(! conductor, 
which gives tin* inh(!rent sf,(*adhu‘ss of tlu! carlH)n arc, and tlms 
has led to tlu! developnuint of this tyi)e of high (hichincy arc, 
tlic flame aiv, b<!for(! tin* d(>v(‘lopm(*nt of (.riui luminous arcs. 

A furtlmr advantage! is tlu! possibility of using alternating 
cumait (!(iually whl and with tin* sanu! (!l('(!trod('s as us(!d with 
dire(!t current, as th(! arc, is a (!arbon an! and thus oi)(!rative on 
alternating curr(!nt. 

Another advantage! is tin* great choi(!(! of matarials availalde, 
since ))racfic,ally a,ny slable compound, wlietln'r conducting or 
not, (!au b(! used in i,h(! fltunt! (!a,rbon. 'I'lius in Ihe yi'llow-flauK! 
arc, (ialchun fluoride*, oxidt* and bora(,es a,r(! us('d; in (In! (I(,a- 
nium arc, the oxidt! frulilt!) or (In* ciirbidt! ma,y bt! used. 

The most st'Hous disadv!m(ag'(' of (In! nn‘(hod of ft'.thing by 
heat evaj)ora( ion, whi(!h has so lar ex(!hid('d (ht! fla, nu! arc from 
geinaal use for Aun!ri(!au stret't, iihunina(iion, is (ht! ra|)id t!on- 
sumptimi of tin* t'l(*(!trodt*s a,nd (heir ct)nst!tiut!nt short life. 
Since (in* luminesct'id, nudurial is fed into (ht! art! by ln!at evap- 
oration, (In* el('t'( rotlt*s mns(, bt! so small (hat tlniir t!nds art! raist!d 
to arc temp(!ratur(>, and (inis rai)idly tionsume l)y (he coinims- 
tion of the carbon. The coml)Ustit)n cannt)t i)(! r(!duct!d by 
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excluding the air by enclosing the arc with an almost air-tie-lit 
globe, as in the enclosed carbon arc, since the luminescGiit 
material leaves the arc as smoke, and by depositing on the 
globe rapidly obstructs the light. The rate of consumption of 
the electrotles thus is the same as in the open carbon arc 3 to 
5 cm. (1 to 2 in.) per liour, and the flame-carbon arc even with 
very great length of carbon thus lasts only one night, that is 
requires daily trimming. To some extent this difficulty may 
be reduced by using the same air again, after passing it through 
a smoke-depositing chamber in a so-called “circulating’^ or 
“regenerative” flame lamp, l)ut the efficiency is lowered, and the 
lamp made more csomplicaited. 

The mercury arc, being emdosed in a glass tube, necessarily 
must always l)e fed by decitro-ciondiudion from the negative. 
The calcium^ arc is always f(‘d by hcjat cva|)oration from the 
carbon positive^ wifli a c.arbon n(‘gative, or from positive and 
negative, l)y using flanui (!arl)ons for botli electrodes. The 
titanium arc is usually finl by elc'c.tro-conduction from the neg- 
ative, but also l)y lieat evai)oration from the T)OHitive bv usinn 
a titanium-fiamc' ciarbon. 

55. As, l)y el(ictro-luminescf‘nc.(% electrit! erungy is converted 
more diiXMdly into radiation, without heat as intermediary form 
of energy, no thtunxdiiial limit, v.im b(‘ scum to the possible effi- 
ciency of light productioii by ihv. arc, and in the mercury, cal- 
cium and titanium ai’cs, efliciimc.ics have becui n^ached far beyond 
those possible' witli tempc'ratun* radiation. Thus, specific con- 
sum|)ti()ns of 0.2.) watt per mean splu'i'ical candlt^ ])()wer are quite 
common with powts’ful titanium, ealcium or nuu’cury arcs, and 
(^ven much he1t(S’ values Iiav(> l)et'n observc'd. It is therefore in 
this dilection thati a radi(*al advanci' in th(' eflicic'ucy of light pro- 
duction appears most jiroliable. At present, the main disad- 
vantage of light production liy the arc is the necessity of an 
opeiating mechanism, an arc lamp, which requires some atten- 
tion, and tluu'eliy makes tlie arc a less convenient illuminant 
than, for instance, the incandescent lamp, and especially the 
limitation in the unit of light: the efficic'iicy of the arc decreases 
with decrease ()f ])ower consum|)tion, and, while the arc is very 
efficient in units of hundreds or thousands of candle power, its 
efficiency is much lower in smaller units, and very small units 
cannot be produced at all. Thus, for instance, while a 500- 
watt flame arc may give 10 times as much light as a 500-watt 
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carbon arc, to produce by a flauK^ arc the same amount of light 
as given by a dOO-watt carlxni arc rc'cpiircKS very niuch more than 
one-tenth the power. So far no way can be s(!en of maintaining 
the efficiency of the arc down to such small units of light as 
represented by the 10- or 20-candlo power incandescent lamp. 


LECTURE VII. 

FLAMES AS ILLTJMmAHTS. 


56. Two main classas of illurninantH exist: those producing 
nwliatioii ])y the (ionversion of the chemical energy of com- 
biiHtion — the flames — ^and those deriving the energy of radia- 
tion from el(‘(!tric energy — the inciandescent lamp and the arc 
lamp, and other less fre(|iiently used electric illuminants. 

Etemc.v. 

To produce light from the chemicial energy of combustion, 
almost exclu.siv{‘ly hydrocarbon Jlamm are used, as the gas flame, 
the candle, tlui oil lamp, thc^ gasok'iie and kerosene lamp, etc.j 
tliat is, compounds of hydrog(‘n and carbon or of hydrogen, 
carbon and some oxygcm arc Irurncd. The hydrogen, H, com- 
bines with tli(‘ oxygcm, 0, of tlie air to watcu* vapor, H^O, and the 
carbon, 0, with the oxygcai of th(‘ air, to carbon dioxide, CO^; 
or, if the air supply is insufficient, to carbon monoxide, CO, a 
very poisonous, c,ombiisti})le, odorless gas (coal gas), which 
thus {ij)|)(!ars in all incompkdu; coml)Ustions and is present, also, 
as intc'rmc'diary stage;, in complete; combustion. 

The mec.lianism of the light |)roduction by the hydrocarbon 
llauK; I ilhistrat,{‘ lu'n; on tin; luminous gas llanu;: where the gas 
issues from tlu; burii(;r into the air, it l)urns at the surface of the 
gas jet. By tlu; lu'at of (jombustion tlu; gas is raised to a high 
tem{)erature. Most liydro(;arbons, however, cannot stand high 
temperatures, but split ui), dissociate; into simpler hydro- 
carbons very ricdi in hydrogen: metharu;, CTL, and in free carbon. 
The carbon partic.les form(;d l)y this dissoc-iation of hydrocar- 
bon gas float in tlu; ])urning gases, tliat is, in the flame, and are 
raised to a higli tem|)(;rature liy the heat of (;ombustion of the 
gases, thereliy made incand(;scent, and radiate light by tem- 
perature radiation; until ultimately, at the outer edge of the 
flame, they are burned liy the oxygen of the air, and thus 
destroyctl. We can see these carbon particles, which, floating 
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in the flame in anincandescent state, give the light, if 
a cold porcelain or glass plate through the luminous uamt*, 
we suddenly chill it and thereby preserve the carbon particles 
from combustion; they appear then on the plate as a carbon 
deposit, soot or lampblack. The light given by the luminous 
hydrocarbon flame thus is due to blaok-body radiation, an<l the 
flame makes its own radiator, and afterwards destroys it by 
combustion. 

To give a luminous flame, the hydrocarbon must l)e stun- 
ciently rich in carbon to split off carbon at higli temptmaturea. 
Thus methane, CIb, does not give aluminous flame;, sine.e. it ctni- 
tains the smallest amount of carbon whicli can comlnnt; witli 
hydrogen, and therefore does not deposit carbon at high tetn- 
peraturcs. Ethylene, however, Cyb, which is the fonnnoHt 
light giving constituent of illuminating gas, dissociatcfs in the 
flame into Gib and C, and thus gives a luminous flame, as half 
of its carbon is set free and givcis the incandescenf. radiat.or. 

If, howeven, the hydroe-arbon is very rich in (uirl>on, tin* 
amount of dei)osit(;d carlxm l)(;comeH so large; thaf, tlie energy 
of combustion of tin; remaining hydroe-arbon is not sufraueid J 
raise the carl)on to very higli tc;mi)eratureH, lumiiu'.siiy 
therefore again d(;(!reaH('H, the flame Ixic-ouK's nuldisU yellow, 
and a large; amount of (iarlion (;Hcai)es from fhn fhinu* umutn- 
surned, as smoke; or sejeit, that is, the flame; beeeaeme's smoky. 

To slow ye)U this, I peiur se)me; gasedeene anei some; ben'/ 5 o! in 
small glass elislu's. The; gase)le;rie;, having 2| hydreigem attuiiH 
per (!arbe)n ateuri, burns with a lumirmus flame; anel vtuy lillle* 
sme)ke. The he;nzol, liaviiig e)rily e)ne) hyelre)ge;n atom ]>er carbon 
atom, IniruH with a rc,elelish-ye;ile)W flame;, pe)uring out. man}‘i«*a 
of black smeeke;. 

The; prope)r(ie)n l)e;twe;e;u the hydre)g(;ii anel e;a,rbem reipiin^d 
to give a liimineius ne)U“Sm()ky flame, tlu;re;for(; e;.'ui be; vnrienl 
only within narrow limifs: teee; little; e;arl)e)n give-s a le‘SH lumi- 
nous e)r imu-lumiiious flame, teee) much ceirbejii ei smoky redelish 
flame. 

IIyelre)Ciirbe)ns e;xist having alirmst any i)rf)pe>rtion Ind wen'ii 
hyelreigen einel e;arl)()ii, from ei maximum e)f fe)nr hydrogen al.oin.s 
to one carbe)!! in me;tluine;, Gib. prae;tie;ally jiurt' c.arbon in 
anthracite; e;oal. vSe)me e)f the;m are shown in the; following 
table, with the number of hydrogen atoms per carlioii aitnn 
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added in column a, and tlic percentage of carbon which is de- 
posited by dissociation, in colimin hf h thus may be called the 
liiininosity intlex of the hydrocarbon. 

HYDROCAEBONS. 


Naim*. 

State. 

Formula. 

Hydro- 

gen 

Index 

(a). 

Lumi- 

nosity 

Index 

(b). 

Paraffines : 






Methane 

Gas. 

Gib 


4.0 

0 

Kthane, 

. . .do .... 

G.IL 


3 0 

Q 25 

Propane, 

. . .do .... 

G.,Ib 


9, 67 

0 

Butane 

. , .do .... 

GTh, 


9 6 

0 375 

Pentane 

Li quill. 


2.4 

0.40 

r»asol(*ne 

. . .do.... 

G„II,, 


2 33 

0 417 

Kerosmie 

. . .do . . . , 

G„|H-..i 


2 2 

0 45 

Mineral oil 

. . .do .... 

(bii; 

■ approx. 

2.14 

0,464 

Vaseline 

Solid. 

Guidtia 


2.1 

0.475 

Paraffine 

. . .do..., 

G,.,IL„ 


2.08 

0.479 

Olefines: 




Ethylene 

Gas. 

G.Jl, 


2 

0.50 

Acetylenes: 






,<\c(d.vltme 

Gas. 

G„IL 


1 

0.75 

Benzols: 






Benzol 

Litjuid. 



1 

0.75 

Naphthalene. 

Hof id. 



0.8 

0.80 

Anthraeene 

, .do . . , . 

P,dh.. 


0.71 

0.821 


d?. Tilt* iiroportion Ix'tweeii carbon and hydrogen required to 
give a luminous non-smoky flame soniewliat depends on the 
size of the flame, and, with a larger sizt*, a higher proportion of 
hydi’ogt'u is rt'iiuired f.o avtiid smoke than with a smaller flame, 
as in the latter, due f:o the largin’ surface corniiared with the 
volume, the comlmstion is more rapid. I show you this on the 
gas flanitr. admitting a little gas, I get a small flame, which does 
not smoke, Imt if I open the stoii-cock wide I get a large and 
smoky flame. 

Witli a moderaf ('-sized flame without artificial ventilation, 
from 30 to *10 per c('nt of the carbon must be deposited to give 
good luminosity without smoke. This corresponds to a value a 

* Every four hydrogen atointi retain one carbon atom, while the rest of tlie 
carbon is sot free. 
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Tveen 2.4 and somewliat less than three hydrogen atoms per 
3 on atom. Itthane, (I 3 H 0 , with a = 3, still gives a luminous 
10 , but of soiiKiwliat lower luminosity, and, on the other 
the gasohme flame, a = 2.33, is slightly smoky. However, 
/ery small flames in which the surfaces is larger compared 
3 . tlie voliinu', and the coml)ustion thus very rai)id, higher 
3 entages of e.arlxm can uschI without smok(u Tims the 
1 C! of fhc! paraffine <‘,andl(! a = 2.08 is still smoktiless but 
Ills to smoke if it geds largt!, and in extrcnu'ly small fianuis, 
i. or less diam(d,(‘r, (!vc!n acetyle-iic, a = 1 , gives smokeh'ss 
ibustion. 

i:i.(!r(!as(i of tlu! rapidity of (!oml)ustion by increasing tlui sur- 
s of tlu! flanu! by using a flat or hollow cylindric.al burner, 
incnuising th(! air supply by artificial draft, as l)y a cliimmy, 
:B smokeless flames (!V(m up to l> = 0.50, or one carl,)on atom 
wo hydroc-arl )on atoms, a ~ 2 . 

‘lius keros(!iie, which, diu! to its high e.arbon content a ==2.14, 
ik('s badly, {‘xcepi' in v<'ry small flaiiK's, is iTuriuul smoffi!- 
ly in lami)s with chimneys and flat or hollow round burners, 
th(!U giv(‘s a high light inti'usity: witii tlu! ra])id air supply 
th(! large. surfa,c(‘ of tlu! thin llanu', the c.ombustlon is V(!ry 
id, a part of tlu' fnn! caiiion is immediately (‘onsum(!d, the 
.pt'rature is high, and thus the fnu! c.arbon lu'nded sufrK!i(!ntly 
Egivt! c.onsidernJih' light., and to c.onsiinii! compleb'ly when 
?'ing tlu! flame. With a hydnxmrbon still ric.lu'r in (!arbon, 
iiCfvtykcH! or benzol (i ^ 1, a,ii,ificlal draft, and large! (lame 
hu!(! ar(! no longm' sufli(!i('nt to givt! smoloh'ssness, and tlu! 
tl range of hydrocn.r])ons whic.h can Ix! burmxl with himi- 
K (lames iuid without smok(! t.hus is bet.W(‘eu from thnx! t.o 
> hydrog(‘n atoms per e.arbon a, tom. 

lydroc.arbons whi(!h jih! t.oo rieli in c..arbon to b(! burned 
)keles,sly, as a,(!(‘lylen(‘ or luaizol, obviously c,an b(! burinul 
li a smokeless luminous flame by mixing th(!m in tlu! prop(!r 
I portions with h,V(|r(iea.rbons delieient in e.arbon, which lat.t('r 
tliemselves would give a nonduminous or mairly non-lumi- 
us (lame. Thus a, mix(u]'(! of oiu! voliinu' of <‘ic(!t.yl(!n(!, (Uh, 
[1 thnu! volumes of nn'lluiiK', 3 (dl,,, (tlu! number of mohs 
xs of gases are proporliona,! to tluh* volumes), giv(!S a non- 
d\y luminous liana': d (1 to 11 H, or a 2.8. 

'iich hydrocaiijons as !ie,et.ylen(', Ixmzol, (!tc., which arc; rich 
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in carbon, are us«l for cnri(‘liing poor gas, that is, making it 
more luminous ; gas which gives little free carbon, as water-gas 
(wliifili is rich in H and CO — l)oth giving non-luminous flames), 
and wliich iluu’C'fore would give a non-luminous or only slightly 
luminous flame*, thus is im]::)roved in its light-giving quality 
by aelmixture of aeadybuie, etc. 

58. If tlie liydrcuuirbon contains oxygen, as alcohol, C^HeO, 
etc;., the pn*stmc,e of oxygeni atoms reduces the luminosity or 
the ttaidcaic.y to smoke*, by taking care of a corresponding num- 
ber of carlron atoms; the most stalde compound is CO, and 
wate*r vapor, ICO, as we*ll as (!arl)on dioxide, CO2, are reeiuced 
by carl)on at high te‘m|)(‘rature* with the; formation of carbon 
monoxide*, CO. During the elissociation of the hydrocarbon in 
the*, flame*, eeu;h oxyge'ii atom take's iq) one; carbon atom, form- 
ing CO, whicli l)nrns with a non-himinous flame. In approxi- 
mately estimating the* luminosity eer the; tenelency to smoke of a 
hydroc.arlsjn containing oxyge*n, for (:*ae;h oxygen atom one car- 
1)0X1 atom is to be* sul)tracte*d. To illustrate this I pour some 
aldehyde*, Cy I4O, and some* amyl aeseetate*, ('VIlHOa, in small glass 
elislu's and ignite* iliem. In lioth the; ratio of hydrogen to car- 
bon atom is a ~ 2, c.orre'sponding to a luminous but smoky 
flame;. You se*e’, litiweve*!', that the; aldehyde burns with a per- 
fe'ctly non-luminous (lame*: we have; tn put eeut the light to see 
it; while; the iimyl aeu'tale* burns with a luminoiis, non-smoky 
flame*. Applying abeive; re'usoning, the; oxyge'ii accounts for one 
carbon atom in the aldchyele*; ( Ul.jD =- CO + CIT, and in CTI^; 
a 4, ceerre'sponeling to a non-luininons flame, as observed. In 
amyl a(;e;tJLt(', the* two eixygt'u ateems fake; up two carbon atoms: 
(Vliidb 2 CO + (VHh. hyelrogen to carbon 

atoms is a 2.S, or It - 80, cormsiiemding to a luminous non- 
smoky flame*, as e)bse‘rveel. 

The; seime* e*lTe*e;t ns give*ii by eixyge'ii e*ont.iLin(;el in the hydro- 
e;arl)on me)l(;c.nle' eelivienisly is oleteiine'd by mixing oxygen or 
air with the; liydrocarbon. 1 illustrate* tliis on the bunsen 
tlaine;: eileesing the; tiir su[)ply, I have* an orelinary luminous anel 
some*wluit snieek}^ gas tlanu;. I neew gniehudly aelniit air, and you 
see first theesmehe; ebsappear, and the;n the; luminosity decreases, 
and first the; lowe*!’ iiart, and then Hu; e*ntire; flame, becomes 
iion-luniinoiis. When the; hiinineesiiy h;is just disappeared, tbc 
amount of air mixed witli tlie gas is just sufficient to take up 


FLAMES AS JLLUMINANTS. 


133 


all the carbon as CO, which would deposit otherwise and give 
the incandescent radiator, but it is far below the amount required 
for complete combustion, and, by still further increasing the air 
supply? you see the rapidity of combustion still further increase, 
as shown by the decreasing size of the flame. With increasing 
air supply, the size of the flame very greatly decreases, and, as 
the same total heat is produced by the combustion, this means 
that the heat is concentrated in a smaller volume, that is, the 
temperature of the flame is increased, in other words, the non- 
luminous bunsen flame is of higher temperature than the lumi- 
nous gas flame. 

Hydrocarbons which are too rich in carbon to burn without 
smoke, as acetylene, can be burned with a smokeless flame by 
mixing them with oxygen or with air. Acetylene is always 
burned in this manner, and all acetylene-gas burners are con- 
structed so as to take in air with the acetylene gas before com- 
bustion, that is, are small bunsen burners or similar thereto. 
Since the temperature of the bunsen flame, due to the more 
rapid combustion resulting from the mixture with air, is higher 
than that of the ordinary gas flame, and in the acetylene flame 
in the acetylene air mixtur(i a large part of the carbon is also 
immediately burned, the temperature of the acetylene flame is 
very high, and thci d(q)f)sii-ed carbon therefore raised to a very 
high temperature, miuili higher than in the ordinary gas flame, 
and, as the rcisult of tlu', higluir temperature, the black-body 
radiation of the frcio carbon in tll(^ acetylene flame is far more 
efficient, and of much whitcir color than in the ordinary gas flame. 

Thus the hydrocarbons whicdi are very rich in carbon, as 
acetylene, benzol, naphthakme, etc., if burned smokelessly by 
mixture with air, giv(5 winter and more efficient flames, due 
to their higlun- t(!mp(irature. ltsi)ecially is this the case with 
acetylene, as the (iinn-gy of combxistion of acetylene is higher 
than that of other hy(lrocarl)ons of the same relative propor- 
tions of hydrogen and c[irl)on: acetylene being endothermic, 
that is, requiring energy for its formation from the elements. 

59. Since, as discussed in IjiKduro VI, chemical luminescence 
usually occurs wherti intense chemical reactions take place at high 
temperatures, — and this is the case in the flame, — chemical 
luminescence of the flame gases must be expected in the hydro- 
carbon flame. It •does occur, but does not contribute anything 
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to tlui light protluciion, since tlie spectra of hydrogen and of 
car!)oii lor CO and are pra(;tically non-liiminous. • The 
Imninest'ence of tiu‘ hydro(;arlK)ii tianie therefore can be observed 
only with those hydrocarbons which are sufficiently poor in car- 
Ixtii as not to (h'posit free tcirbon, as methane, alcohol, etc., or 
in wliich, by the admixture of air, tlie deposition of free carbon 
and tlierdiy the formation of an incandescent radiator, is 
avoided, as in tlu' bunscm dame. In tliis case, the blue color of 
the (hemical lumim'sceiKa* of carbon-dame gases is seen: all 
non-luminous hydrocarbon dames an^ blue, 

(HI. Whilt‘ light, and radiation in geiuTal, can also be pro- 
duced l)y tlu* eom!)Ustion of otlier materials besides hydrocarbons, 
industrially otlH‘r materials are very little used. 

Ihirning magnesium giv(*s a luminous dame of extremely 
liigh l)rilliancy and whiti'iu'ss. Its light is largely due to tem- 
)){‘ralur(‘ radiation, and Iht* tlanu* makes its own incandescent 
radiator; }>ut unlike tin* hydrocarbon tlanu*, in which the radiator 
is again destroyed by (combustion, tlu! incandescent radiator of 
the* magnesium tlanui is the product of cond)ustion, magnesia, 
Mg( ), and escape's from (lie fhiiue* as white* smoke. While, how- 
(‘V(*r, in the* hydrocarbon fliinu* the inc.ande.sccnt radiator is a 

bleiek body,— cjirbon, -giving the normal tem[)erature radiation, 

the* r.'idiator of the magnesium fkune*, magii(*sia, is a colored 
radiator, and its radiation is d(‘ticie*nt in intensity in the ultra- 
red, ;ind very high in the visit ile range, and thereby of a much 
higher ethcicncy than giv(*n by hlack-hoely radiation. The 
magnesium thune* th(*re*for(‘ is Ihr more (‘the, ient than the hydro- 
eeu'bon iliime, juid its light white*!’. 

So also burning aluminum, /.ine, phosphorus, etc., give lu- 
minous liames eeontaining ine.andeseent radiators produced by 
the e.omhustion; alumina, zinc oxide, elc.. 

Superimpeised upon tlu* temp(*rature nidiation of the incaii- 
(lese.emt. radiator of those* flames is the radiation of chemical 
luminese.ene.e*. Since*, howe-ver, magne'siuni, zinc, aluminum, 
give fairly luminous spe*c.fni, in tlu'se* flame's the chemical lumi- 
n(*s(!(*ne-(* cont ribule's a c.onside'rahle* part- of the light, and where 
the himinesce'iit light, that is, the* me*tal spectrum, is of a marked 
color — ;is green with zinc. the thune of the burning metal 
also is colored. Th'iice burning zinc gives a greenish-yellow 
tlarne, burning calcium an orange-yellow flame, etc. 
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Obviously, where during the combustion no solid body is 
formed, the liglit given by the flame is entirely chemical lumi- 
nescence. Thus burning sulphur gives a blue flame, and, if 
the temperature of combustion is -increased by burning the 
sulphur in oxygen, it gives a fairly intense light, of violet color, 
and a radiation which is very intense in the ultra-violet. Thus 
before development of the ultra-violet electric arcs, as the iron 
arc, for the i)roduction of ultra-violet radiation lamps were used, 
burning carbon bisulpliide, Cbg, in oxygen. Carbon bisulphide, 
has the advantage over sulphur that, as liquid, it can easier be 
handled in a lamp, and especially the combustion of carbon 
(without adding much to the light, due to the non-luminous 
character of the carbon spc'.ctrum) greatly increases the flame 
temperature, and tlier(d)y the; intensity of the radiation. 

Flamcf^ vnlh Sepamle Radiator. 

61. The liydrocarlxms are the only sources of chemical 
energy whic.h by tluiir (diciiii)n(^SH art', available for general use 
in light produtdion. Carbon, however, is a black-body radiator, 
and its tlliciene.y of light ])roduc-tion therefore very low, es- 
pecially at thc', rt'lafivtdy low t(un[)eraturo of the luminous 
hydrocarbon flame, and sutdi flam(^s are, therefore, low in 
efficiently of light production, with the excei)tion of the acety- 
lene flame and otheu’ similar flamtis. 

Separating t,h<t ctonvt'rsion into light from the heat production; 
that is, using tint hydroc.arbon (lanu! mta’tdy for producing heat, 
and using a se.paraf.ti radiator for (ionvtirting the heat into light, 
offers th(‘ grtait advantagts 

(1) Thai, a colortul body can be ustid as radiator, and thereby 
a higher (dlic.iene.y of light i)rodu(vtit)n, at tlie stime temperature, 
secured, by sehuding a body defitutmt in invisible and thereby 
us(d(\ss radiation. 

(2) That tlu^ rapidity of e,om])ustion c,an b(', greatly increased 
by mixing llui hydrocarixm witli air in a bunsen burner, and 
theniby tlu; t(unp('raturc'. of the flame inc,reas(xl, which results 
in a furtlud’ imircaisc^ of tlu; (‘fficiemey of light production. 

Thus, by tin; use. of suitahh; external radiators, in a non- 
luminous hydroe.iirhoii llanu;, far higher efficiencies of light 
production arc n'.aehed than l:)y the use of the luminous hydro- 
carbon flame. 
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The ef t*xlenial nuliatoi’s prnhaljly was the use of 

lime eyliiuler in a Imlro-oxyjijen {lame, in tla^ so-eulled 'Tim 
light,” for |>rotlu<‘ing very larg<‘ units of light in the days befoi 
the t‘l(‘(‘t rie are was generally availahlta 

111 the last (giarter of a eentury lh<‘ (‘xterniil radiator ha 
(!()in(‘ into t‘xti‘nd{‘d use in the WTshaeh mantle; the hydrc 
earbon is IninuHl in a Imnsen Inirner, that is, mix(‘d with air, s 
as to gtd a non-luminous flame of tin* Ingln'st tmnpc'rature, an 
in this flanu* is immersed a eone-s!iap(*<l web of a highly eff 
eient eoloriHl radiator: thoria with a sm;dl pereeidagc^ of cerh 
ete., lh(‘ so-ealled “mantle.” Tlu‘ higher temiierature, con 
billed with the deheiency of radiation in tlu‘ invisibh* rangii, c? 
hibil(*d by this colitred radiator, results in an (‘traamK^y of ligl 
production siweral time's as high as that of tln^ luminous gj; 
flame. The eiistribution (d intensity in the .sjietMrum of tli 
Welsliach mantle oliviously is imt that, of liI.aek-l)ody radiatioi 
Imt differs therefrom sliglitly, and thee riuliation is somewlu; 
more intense in the gn*enish yellow, that is, the light has 
slightly greenish-yellow hue. 

The Welsbaeh mantle is very interesting as representing tl: 
only very extensive industrial application of colored radiation. 
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ARC LAMPS AND ARC LIGHTING. 

Volt-Ampere Characteristics of the Arc. 


62. The voltage consumed by an arC; at constant current, 
increases with increa.so of arc hmgth, and very closely propor- 
tional then'to. Plotting the arc voltage, e, as function of the 



arc lengtli, t, wt; gcit for evevry vabie of current, i, a practically 
straight line', a,H sliown for tlui magnotite arc in Fig. 45, for values 
of current of 1, 2, 4 and 8 am|)ere.s. These lines are steeper 
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Tlu‘ fnvt list* of external radiators probably was the use of a ■ 
liiiH* (‘yliiult*!’ ill a liydro-oxygcn flame, in the so-called ‘dime 
light,” for t»rotlu<*ing very large units of light in the days before 
the electric, are was generally available. 

In tin* last tjuarter of a century the external radiator has 
eoine into cxtendtHl use in the Welsbach mantle; the hydro- 
(cirlirni is buriu*d in a buns(‘n liurner, that is, mixed with air. so 
as to get a iioii-luminous flame of the highest temperature, and 
in this llaim* is immei’sed a cone-shaped web of a highly effi- 
eit'iit eolor(*«l radiator: thoria with a small percentage of ceria, 
etc., the so-calli‘d “mantles” The higher temperature, com- 
biiu*d with tin* tleficiency of nnliation in the invisible range, ex- 
hil)ited by this colonnl rmliator, results in an efficiency of light 
jnodiuhion sevemd times as high as that of the luminous gas 
flame. Tin* distribution of intensity in the spectrum of the 
Welsbach mantle obviously is not that of black-body radiation, 
but, (litTers therefrom sliglitly, and the radiation is somewhat 
more* intense in the greenish yc'llow, that is, the light has a 
slightly gn‘(‘nisli-yellow hiuu 

Tin* Welsl)ach manth? is very int(U‘esting as representing the 
only very tixieiisive industrial api)licatioii of colored radiation. 
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ARC LAMPS AND ARC LIGHTING. 

Voit-Anipore Charaderif^l/ics of ihe Arc. 

62. Tli(^ voltapic^ l)y an arc, at constant current, 

incre&s(‘s with incivasti of arc haigtli, and V(uy closely propor- 
tional tlu'n'to. PloMiu^i; ill(^ arc, voltaj>:(i, e, as function of the 



arc lcnjj;tli, /, wc gc( for every valuta of current, a practically 
Btraij^dil line, as shown for tlui ina^oK^titt' arc in Fig. 45, for values 
of c,urr(*ni. of 1, 2, 4 niid -S ani])ere.s. These lines are steeper 
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fur t^malliT ciiri-cms, that is, low-current arcs consume a hiffhe 
vnltafje fur tliu same IciiKlh than hiKli-ourrent arcs the^ ir 
crras.- iK-mu f^rcaler the longer the arc. These lines i Pig 4 

ill a {Miinf which lias at. I == — 0.125 cm. = — o 05 ii 
uiifi c 50 Vdlts; tliat is, the voltage consumed by the ai 
consists of a part, c„ ■ 50 (for the magnetite arc), which is coi 



slant, that is, iiiilepcnihmt of the arc length and of the cu; 
naif, in I lit* arc, hut dinV-rciit for diftcnait materials, and 
]»aj’l,c,, which is proportional to lln^ arc length, I, or rather t 
llii^ an; length plus a small quantity, 0.125 (for the ma^rn 
tite. arc): c, /qi/ |- 0.125), and di'peiids upon the curren 
being thi; larger tin* snialha’ (lit' curn'iit. 

Idoiting 1h(' arc voltage, e, as fuiitOion of the current, i, w 
get e.urves whicli iiicreast; with decrease of curnmt, the increas 
ht'ing greater the longer the arc, as shown in Fig. 46, for th 
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magnetite arc, for I = 0.3, 1.25, 2.5, 3.75 cm. = 0.125, 0.5, 1 and 
1 5 in. Subtracting from the voltage, e, in Fig. 46, the con- 
stant part, = 30 volts, which apparently represents the 
terminal drop of voltage, that is, the voltage which supplies 
the energy used in producing the conducting vapor stream 
at the negative, and the heat at the positive terminal, leaves 
the voltage, = e - as the voltage consumed in the arc 
stream. 

The curves of arc-stream voltage, Ci, as function of the current, 
i in Fig. 46, can with good approximation be expressed by 
’ k 

cubic hyperbolas: = kp; or, and since we find for 

constant value of current: e, = k, (L + 0.12), as function of 
arc length and current, i, the voltage of the arc stream is ex- 
pressed by: k(l + l,) 


and tli(i total arc voltagti l)y: 

a == c„ -i y— ) \^) 

Vi 

whore k and arc', const, ants of the; terminal material (k, how- 
ever, varic'S with tlu^ giis prcissurc; in the space in which the arc 

exists). , . 

This (M|uation (2) reprcvscsits the arc characteristics with 

good approximation, exc(^i)t for long low-current arcs,^ which 
usually recpiirc'. a higlu'r voltage than calculated, as might be 
ex|)C!cted from the unsteady nat,ure of such long thin arcs. 

The eejuation (2) can bci dculved troin theoictical reasoning 
as follows: Assuming tlui amount of arc vapor, that is, the 
voluiiK! of the' c.onduc.ting vai)or str(;a,m, as proportional to the 
current, and tlui luiat ])ro(luc(Hl at the positive terminal also as 
proportional t,o Ihr. c.urivnt, the i)ow('r required to produce 
the vapor stn'am and tlu^ lieating of the positive terminal is 
proiiortional to live currc'nt, v ; and, as the powei is it 

follows that t,he voltagu, consumed at the arc terminals is 

COTlstui/Ilii 

The pow(U' consumed in the arc stream; = ep, is given off, 
by heat conduction, convection, and by radiation, from the sur- 
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face of the lur, ,str(‘aiii, and thus, as th(‘ teinix'ratiire of the arc 

stream is constant, and is that of tlu' Ijoiling point of the arc 

vapor, the power (•.onsunu*d in tin* arc st^nxim is proportional 

to its surface, that is, to tlu* prodmd of arc, diameter l,i and arc 

length I, or rather tlu* arc* lengt h / increased by a small quantity 

winch allows for tluc luxit carried away to the electrodes. As 

the diam(‘t(*r is [u-oportional to the; square* root of the section 

of the arc. stn*am, and the sc'ction of the arc stream, or the 

volume of tlu; an; va|)or, was assunuHl as {)ro|)ortional to the 

current, t, the arc dianu'ter is proport ional to the scpiare root 

of the current, and the powc^r /j, c.onsumed in tlu; an; stream thus 

is proportional to tlu; square root of tlu; current, i, and to {I + 

that is, . , 

A- V / (/ 4- /j); 

c,/, 


and since 


Ih 

Pi 


k (I !■ /,) 


■V i. 


f, 


Cj, follows 


which is (Hjuation (D, and lu*refrom, sinc(; c 
e<Iuation (2). 

()3. Sinci; q, reiiresents the i)t)Wer <;onsum('d in producing the 
vajior stn'am and tlu* heating of tlu* positivt* terminal, and k 
tlu; |)ow(*r dissijiuted from the arc sfivam, c,, and k an; different 
for difh'nmt. matorials, and in giateral high(*r for inattwials of 
higlu'r boiling point and tlms higher arc, temperatures. It is, 
approxiiiuitely, 

c„ Id volts for mercury, 

1(1 volts for zinc and cadmium, 

30 volts for magnotiti*, 

3(1 volts for carbon, 

•iS.r) for magiiftitf (123 in inch inoasurc) 
r»l Ihr carhon (130 in inch inoasure). 


k 


diu; magnet it {* arc, of which the characteristics are shown in 
H’nrK .jf, .yid tlms can lx* represented by 

i^.") (/ f (irdA) 


c 


30 -! 


( 3 ) 


The least agret-menl with tlu* theorfOica-I eman* (2) is shown l)y 
the earhon arc. This may Ih* expected from the excej)t,ional 
character of the carbon arc, as discussed in Lectun; \'l. Plot- 
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ting, in Fig. 47, the voltage, e, consumed by a carbon arc, at 
constant values of current i, as function of the arc length I, 
as done for the magnetite arc in Fig. 45, — when using only the 
observations for arc length of 0.25 in. and over, we ^ get fairly 
satisfactory straight lines, which intersect at the point, giving 
e =36 volts, but I, = -0.8 cm. - -0.33 in.; that is, a 
value much greater than for any other arc. For short arc 



lengths, however, the observed values of voltage drop below 
the straight line, as shown in Fig. 47, and converge towards a 
point, at zero arc length, or (\' — 28 volts. Ihis looks as if, of 
the potential drop of — 36 volts of the carbon arc, only a 
part, e/ = 28 volts, occurs at the surface oi the terminals,^ and 
the remaining part, e/ — 8 volts, occurs in the space within 
a short distance from the terminal surface. If then the arc 
length is decreased to less than the distance within which the 
terminal drop occurs, the arc meets only a part of this ter- 
minal drop Bq", and, for very short arc length, only the terminal 
drop e/ occurs. Possibly the voltage — 28 is consumed at 
the negative terminal in producing the conducting vapor stream, 
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while the voltage e," = 8 is consumed by the moving vapor 
stream in penetrating a layer of dead carbon vapor formed 
heat evaporation from the positive terminal, and surrounding 
this terminal. 

Stability Curves of the Arc. 

64. From the volt-ampere characteristic of the arc, as rep- 
resented by equation (2) and reproduced in Fig. 48 as Curve I 
for a magnetite arc of 1.8 cm. (about 0.75 in.) length, it follows 
that the arc is unstable on constant potential supply, as the 
voltage consumed by the arc decreases with increase of current 
and, inversely, a momentary increase of current decreases the 
consumed voltage, and, on constant voltage supply, thereby 
increases the current, still further decreases the arc voltage 
and increases the current, and the arc thus short circuits; or a 
momentary decrease of current increases the required voltage 
and, at constant supply voltage, continues to decrease the cur- 
rent and thus increase still further the required voltage, that is, 
the arc goes out. 

On constant voltage supply only such apparatus can operate 
under stable conditions in which an increase of current requires 
an increase, and a decrease of current a decrease of voltage, 
and thus checks itself. 

Inserting in series with the arc, curve I, in Fig. 48, a constant 
resistance of 10 ohms, the voltage consumed by this resistance, 
e' = ^r, is proportional to the current, and given by the straight 
line II. Adding this voltage to the arc voltage curve I, gives 
the total voltage consumed by the arc and its series resistance, 
as curve III. In curve III, the voltage decreases with increase 
of current, for values of current below \ = 2.9 amperes, and the 
arc thus is unstable for these low currents, while for values of 
current larger than = 2.9 amperes, the voltage increases with 
increase of current. The point % = 2.9 amperes thus separates 
the unstable lower part of the curve III from the stable upper 
part. With a series resistance of r = 10 ohms, a 1.8-cm. mag- 
netite arc thus requires at least e = 117 volts supply voltage, 
and \ = 2.9 amperes for steady operation. With a larger 
series resistance, as r = 20 ohms, represented by curve II' and 
III', a larger supply voltage is required, but smaller currents can 
be operated; with a lower series resistance, r = 5 ohms, curves 
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II" and III”, larger currents are required for stable operation, 
but a lower supply voltage is sufficient. 

When attempting to operate an arc close to the stability limit, 
i where a small variation of voltage causes a large variation of 
current, the operation of the arc is unsatisfactory, that is, the 



Fig. 48. 


current drifts; small variations of the resistance of the arc 
stream, and thereby of the voltage consumed by the arc, cause 
excessive fluctuations of the current. These pulsations of cur- 
rent can be essentially reduced by using a large inductance 
in series with the arc, and an arc can be operated very much 
closer to its stability limit if its series resistance is constructed 
highly inductive, that is, wound on an iron core. Obviously, 




4 J StU't^*-’ > >* ^ r’"--' ' !M V ‘v^ »!v^.V:4.v>r?M.; 
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no series imliKstaiice (am extxmil stable' operation beyond the 
stability point %. 

At the stal)ility limit the rt'siiltant (•.haraeteristic III in 
Fig. 48 is horizontal j that is, tlu^ slo|)e of the resistance curve 
c' 

II r = > is eeiual but oi)i)OHite to tlie slo|.)e of the arc char- 

I 

(ic 

acteristi(i I, - 7 " : that is, at the stability limit, 
di' 


; r : 0: 


( 4 ) 


and, substituting e(|uation ( 2 ) in (■ 1 ), givcis 

0: 


kil i /,! , 

• ■•}■' r 

2 t\ i 


or. 


k (I ! /,) 

r 7 

2 t\’ t 

and the totid vt»ltag<* consumed Ijy the are of (uirnmt i and 
length I and such a stnies rt'sistam'e r as just to reacih stalality is 


A 


c i' ir, 

A- 1 / ! /,) k (I + /,) 

. ■ ■■ I ... ; 

\ I 2 Vi 


d 


that is, 


or, 


E 


E 




k a j /,) 


Vi 


e i 


(5) 


(C) 


This c.urv(‘ is calhnl the staliilily cairve tif (he arc.. It is shown 
as IV in Fig. 48. It is of (le* saiia* form as tin* an; (Iiarac.lcM’istic 
I, and derived (lienlmm liy adding dP per <'eni. of tin* voltage 
c.onsumed in tin* arc, .slrcaiN. 

Thus, in an arc requiring K() volts, of which e„ ,'■»() volts are 
consumed at (he ((‘rminals, dO volts in (lie. art; stnaim, 

c 

for stable operation, a supply voltage of more than E e -|- 
= SO + 25 105 volts is required. 
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The stability limit, on constant i)otential, thus lies at an ex- 
cess of the supply voltage over the arc voltage by 50 per cent of 
the voltage, e^, consumeil in the arc stream. In general, to get 
reasonable steadiness of thc^ current, and absence of drifting, a 
supply voltage is usckI which (ixctseds the arc voltage by from 
75 per cent to 100 per cent or more of the voltage, 6\, of the arc 
stream. 

65. The preceding consid(;ration applies only to those arcs 
in which the gas pressure in tlic; Hi)a(*,e surrounding the arc, and 
thereby the arc vai)or i)ressure and tcuniierature, are constant 
and indep(md(mt of the currcnit, as is tlui case with arcs in air 
(even “enclosed” ar(is, &s the (‘ludosure cannot be absolutely air- 
tight), as it is basc'd on the assum|)tion that the section of the 
vapor stream is proi)ortional to thc^ current. With ar(!S in 
which the vapor i)ressur(^ and tc'mpcu’atviro vary with the current, 
as with vacuum arcs, as Uw. nun'c.ury arc, tlui reasoning Inis to l)e 
corr(!S[)ondingly modifu'd. Tims in tin; mcircury arc in a glass 
tube, if tli(^ cAirnuit is sufiic-ient ly largt^ to fill thc^ entire tiilx'., and 
not so large that coiKhaisiition of the mcircury vapor cannot 
freely oce.ur in th(^ c.ondc'nsing cliambtvr, tlu! pow(W pj dissi- 
pated by radiation, c'ic.., may b(‘ assunusd as proportional to the 
length I of the tub(^, and to tin; current f: 

■p^ =■ c,f ■ kli, (7) 

this gives Cj = Id, or inde.pc'iidcuit of tlu^ current; and 


that is, tlui voltag{‘ c.onsumed l)y a nnu'CAiry a,r(‘,, witliin a cuu'- 
tain rang(^ of curnvnt, is c.onstant and ind(^p(vnd(sit of tin; c,ur- 
rent, and c.onsists of ti c.onslant pari,, l,b('. ttu'ininal drop c,„ and 
a part which is jjropoiiionai i,o tin; haigth and to tin; diannvttvr 
of tlu; tutu;. 

Apt)roximately it is for tin; merc.ury an; in a vacuunn: 

. , l-'l 

c„ Id volls ; k I ■ 

hi 

hence, 

c - Id -I- , 

hi 

Calculating approximately the, incmase of vapor pressure; and 
thereby C)f ar(;-st,r('ain resistance at high (;urr(;nts, and the 
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increase of resistance at low curn'iit, diui to the arc stream not 
completely filling the vapor tubi‘, giv(‘s for the vacuum arc the 
approximate eciuation : 

I 

g _ + — - 

(ih - })i 




wliere 

la = diameter of arc tuht‘, cm., 

I = length of arc, cm., 
i = current. 

For the mercury anp it.- is: 

60 = 13 volts, 
a = l.()S, 

h = 0.29 for nu^rtniry anode, 

0,167 for graphil(‘ or metal anode, 
c - 0.52. 

Arc Lvrujtli and K(jlctltncy. 

66. The arc most fre(}ucntly employed for illumination is 
the plain carbon arc. In liiis (lie arc. IlaiiKc or llu' vapor stream 
gives no usdul light, Imt flu* light is given l)y flu; bla(!k-!) 0 (ly 
radiation of tlu' im‘.andesccnt carbdn terminal, mainly the 
positive tcirminal, whidi is hot lest, an«l is given at. high cllicamicy 
due to the very high [(‘inpcraJurf* of the radiator. The light 
of tin; c.arbon an; thus is incandescent light, and itot lumines- 
cence. Ill the alternating carlion arc, alternately, the two ter- 
minals are iiositivc' and iiegntivn, and, as ivlat ivt-'ly lit l ie heat is 
produced at tlu; iK'gaiive terminal, tlie a\‘crag(‘ IcmpcratiUre of 
the carbon terminals of an alternating arc, is lower, and the 
efficiency of light production theivfon ' le.'',s, I bus, wlnh; (lirect- 
current carbon arcs reach efficiencies (uuTesponding to spi'cific 
consuinjitions ot from 1 to I.o watts per mean spherical candle 


power, alti'rnailng carbon art's show onl\' from 2.5 to 3 watts 
per candle ])ow(n', or (‘Vtai still higher specifie, ctuisunipf ion. 
Thus, the only ('xcaist' tor tlu‘ use of the alternating ttaa’bon arc 
is the much gnader simplituty and convtmienct' of the eletitrit; 
generating aiiiiarat.us, tlu' stationary transformt'r, compart'd to 
the arc machine witli tlie tlirecl-currt'nt arc, anti with the ilc- 
velopment tjf the ctmstanl-curri'nt nu'rtmry-arc rectifier; this 
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difference in the simplicity of generation of the arc current has 
largely disappeared. 

In the direct-current carbon arc, the light comes mainly from 
the positive terminal; in the alternating carbon arc equally 
from both terminals, and the distribution curve of the light 
thus is different. 

Since in the carbon arc no useful light comes from the arc 
flame, the voltage and therefore the power consumed in the 
arc flame is wasted, and in general, therefore, the efficiency of 
light production of the carbon arc is the higher the shorter the 
arc. Thus comparing in Fig. 49 a 1-in, carbon arc A with a 



0.5-in. carbon arc B, the former requires, at 5 amperes, 112 
volts and 560 watts, the latter only 84 volts and 420 watts, 
but radiates the same amount of light from the incandescent 
tip of the positive carbon. As the 1-in. arc requires 33 per 
cent more power, and only produces the same amount of light, 
it is less efficient than the latter. Thus, the shorter we make 
the arc and the less power we therefore consume in it the more 
efficient seems the light production, as we produce the same 
amount of light radiation from the positive terminal in either 
case. When we come to short arc lengths, however, while the 
sarne amount of light is produced at the positive terminal, we 
do not get the same amount of light from the lamp, as an 
increasing part of the light is intercepted by the negative ter- 
minal. Thus with the 1-in, arc. A, in Fig. 49, the light escapes 
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freely from the ineaiuleseeiii ponitive only in Uu; space above 
the lines »i, while at a/^the shadow of the negative toriniiial 
])egin.s to ol)stru(*l the light more ;ind niort', and does so corn- 
l)letely vf*rtieally below tie* are. In tlu* O.d-in. are B the area 
covennl by the shadow of tie* negative t(‘rniinals is somewhat 
intiroased, but in both ares .1 and B the* obstruction of the 
light l)y tlu* shadow of the negative* is still so small that the 
saving in power far more than makes uji for it. In tlu* 0.125-in. 
arc, liowtwer, (' in Idg. 10, tlu* .diadow of the negative ter- 
minal m. hits ert‘pt up greatly, and thus, when decreasing the 
an; Itmgfh, a, j»>int is r(*ae!u*d where the inen‘asing .shadow 
of tlu; negative terminal reduces the light more than the de- 
e.rtiasing an; hsigth reduces tlu* powi'r supply. Ma.ximum 
efficit'iiey of light pr»iilueti«m thus is reached in the c.arbon arc 
at a (U'rlain detiniti* an; h*ngth fwhich dept'U'ls on tlu; size of 
the (‘h'c.lroth's and on the curnuit), at which tlu; change of 
p{)wer ctjusumplion just bjilaiu’cs the change of radiated light, 
whic.h results from a change of an; length and ther(;by of 
shtidow of negativ(* lerminal. 

With the higli-curren! sh to 1(1 amperes) open arcs, tlu; maxi- 
mum elliciimey point is at about idm arc length, giving a 
voltage con.suuijttion of aliout 1.5 to .50 volts. Sucli tires ri'puire 
dilily trimming, tind theri‘fore tire no longer used in American 
cities, except in a few | liters. 

The open or slutri-burning ;irc has Item pnictically entirely 
HUiH*rseiled by tlu* enclosed or long-burning iirc himp, in which 
tlu*. iirc- is (*nclosed by an alnutst rdr-tight globe, the comltustion 
of <;!irbon is grciitly ilecreasctl, :md the lift* of the ciirlions thus 
iiu;r(*iis(‘d about tenfold. 

In the open arc itf l;trge current, the ciirbon tcrmiiuils Imrn 
off into ii roundi'd shapt*. but in (he enclo.^ed arc, tlu; c.urrent 
Ixlng l(‘ss iiml combustion greiitly refluceil, the carlum ti'i’ininals 
l)urn off to more Hat shape, ;mti thus obstruct the light more; 
and, furtherniitre, .-•^inct* iit the lower current tlu* sizt* of the 
inc,iindes(;(*nt spot of tlu* positive tt*rniinid i the inaximum 

etlidmicy of light, production in the eiulosed arc hunp is reached 
at a much gn*ii1(*r arc, length, idiout I in. As the result 
tluu'eof, the (*nclosed iiix; liiniji, with .5, b..5 or 7.5 am|)ere.s in 
the iing coiLsumes from 7(1 to 7.5 vdts. 

07. Entirely different iire tlu* c.onditions in the luminous 
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arc, as the magnetite arc. In this, the light is given by the 
vapor stream, and not by the terminals, and the,, voltage 
and power consumed by the terminal drop thus is Wasted, and 
the voltage e, and power consumed by the.^a%|tream is 
useful for light production. The greater, there&^^p^yoltage 
e, of the arc stream is, compared with the .f^, or in 

other words the longer the arc, the hrf^^^nhe efficiency of 
light production. Thus a 4-aiM^a^Mite are^ oV. 6.125-in. 
length requires 41 volts, arc^K^uires' 64 

volts; that is, only 56 p^^^bre and^^^fbwer, but 

gives about four t^^#^ ligh uires 95 volts 
or 48 per centf^o^^^bVerd]^^ xhe and gives twice 

the light.^/ J:^.j^eater,%^hs, the arc length of the luminous 
arc, witi^4^f current, ^•^4iigher is the efficiency. How- 

ever, at tie same curm^j^Monger the are, the greater is the 
power consumption.^^h'Tne design of the arc lamp the power 
consumption is givtJn, and the problem is to select the most 
efficient arc length for a given and constant power consumption. 
As an increase of arc length increases the arc voltage for the 
same power consumption, the current has to be decreased, and 
the efficiency of the arc conductor decreases with decrease of 
current. Thus, with increasing arc length at constant power 
consumption in the luminous arc, a point is reached where the 
decrease of current required by the increase of are length and 
thus arc voltage decreases the efficiency more than the increase 
of arc length increases it. Thus with the luminous arc, for 
a given power consumption, a definite arc length exists, which 
gives maximum efficiency. 

Assuming the light given by the arc to be proportional to the 
arc length and the current in the arc, 

L = k'li, (9) , 

if the power p shall be consumed in the arc, it is 

ei = p; (10) 

however, by (2), 

kl ^ . 

( 3 = - 1 — ^ ( 11 ) 

v^ 

(neglecting the small quantity 1^ as the calculation can obviously 
be approximate only). 
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From (10) and (11) follows: 


1 = 


(12) 

and, substituting this in 

(9), give.s: 


L = 

7 - e^hVi), 

K 

(13) 

and the maximum amount of light |)rodueed by 

power p is 

given by : 

" 0, 
di 


This gives 

.5 C„ 

(14) 

lienee, by (13); 

k ^ 2c/ 

(15) 


and li(‘rofrom, l)y (12) and (11), Mu* valiu's of Mu*, anj length I 
and Mu; arc. voitngc c. 

Assuming p 300 wafts, and Mu* c«uislnnts of the magnetite 
arc: c„ 30, k *1.S.5, gives: 

i ■ • 3.33 amperes, 


00 vtiils, 

/ 2.21 em. 0.335 in. 

Near the maximum efiiciency, when* flu; efli<*i('iu;y curve Is 
hori'/.ontal, Mu* ei!i<*iency does not, vary much for moderate 
c.hanges of current iuid of !irc lenglh. Ihus, in ahovi; instance, 
practically Mu* saiiu* etlicieney Is reached for (nirrents from 3 
aini)eres to 4 anii ieres. 

Larger curr(‘nts jind shorter are lengths, howi'ver, an; prof- 
(;ral)l(; in an an; lanii*. 

(1) Mecause the short {'r ;ind thicker arc is less aH(;c,l.ed by 
minor air c.urn'uts, I'tc., than the thin lung arc, lu'nce, is sti'iulier. 

(2) 'flu; .shorter arc gives lo\v(*r Vdltjigt*, and this, in c.onstant~ 
c.urrent arc lighting, permits with the same total circ.uit voltage 
the use, of mon; arc himps in s(*ries. 

Thus in the magnetite; arc. lamp a (Uirn'iit of 4 amp. has been 


c.hosen. 

i == 4 : e — 75 volts, and / f ^ 0.7.3 in., or about ij-in. arc 
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In general, obviously the maximum eflS.ciency points of lumi- 
nous arcs occur at much greater arc lengths than in the plain 
carbon arc. 

Since the lower efficiency of the alternating carbon arc is due 
to the lower temperature of the terminals, which are heated 
during one half-wave only, and in the luminous arc the tem- 
perature of the terminals does not determine the light pro- 
duction, but the light is produced by the vapor stream, no 
essential difference exists in the efficiency of a luminous arc, 
and practically no difference in the efficiency of the flame- 
carbon arc, whether operated on alternating or on direct current; 
that is, the alternating luminous or flame-carbon arc, with the 
same luminescent material, has the same efficiency as the direct- 
current luminous or flame-carbon arc, but the alternating plain 
carbon arc is much less eflicient than the direct-current carbon 
arc. 

Arc Lamps. 

68. The apparatus designed for the industrial production of 
light by arc conduction, or the arc lamp, in general comprises 
four elements : 

(1) The current-limiting or steadying device. 

(2) The starting devi(;e. 

(3) The feeding device. 

(4) The shunt protective device. 

(1) From the volt-ampere characteristic of the arc as given 
by equation (2) and curvets. Fig. 4 (), it follows that an arc can- 
not be operated directly on constant voltage supply, but in 
series thereto a stcaiclying devica^ irnist be inserted; that is, a 
device in which tlie voltage inc, names with the current so that 
the total voltage consume', d by tlu', arc and the steadying device 
increases with incu’case of ciurrcuit, and pulsations of current 
thus limit thcmsc'.lvcs. 

All arc lamps for use on constant voltage supply thus contain 
a sufficiently high steadying resistance, or, in alternating-current 
circuits, a steadying rciactance. 

Arc lamps for use on constant-current circuits, that is, cir- 
cuits in which the curremt is kept constant by the source of 
power supply, as the constant-current transformer or the arc 
machine, require no steadying resistance or reactance. 


152 


RADIATION, LIGHT, AND ILLUMINATION. 


Where several lamps arc operated in series on constant poten- 
tial mains, as two flame-carbon arcs in series in a 110-volt cir- 
cuit, or five enclosed arc lam|;)s in a 550-volt railway circuit, 
either each lam|) may have its own steadying resistance, or a 
single steadying resistances or reactance of sufficient size may 
be uschI for all laniijs which arc; in series on the constant poten- 
tial mains. 

(2) Since tlic! arc. docs not start itself, but has to be started 
by forming the c.onducting vapor bridge l)ctwcen the terminals, 
all arc, lamps must liave a starting device. This consists of a 
mechanism which l)rings tlni tcsrminals into contact with, each 
other and tlnm s(‘|)arat(!s theun, and herel)y forms the vapor 
conducitor, that is, starts the arc. 

(3) As tlu'. arc terminals e.onsimui very rapidly in some arcs, 
as th(^ open (cirlxm arc., and vmy slowly in others, as the 
enclosed carbon arcs or the luminous are.s, some mechanism 
must 1)0 provided whic.h moves tlu'. terminals towards each 
f)tlier at tlui rate at wliiih tlujy arc c.onsunKsd, and thereby main- 
tains c.onstant Jirc; hmgth and flius constant voltage and power 
consumi>tion. 

With arcs in wliiidi the elect rodi's c.onsume v(uy slowly, as 
the magru'titc; an*,, the fec'ding may o<‘.cur only at long intervals, 
(ivt'iy (luartnr or Indf lioiir, or ('ven k^ss frequently, while in arcs 
with rai)idly consuming (‘lee.trodes, as the flame arcs, practically 
continuous f('eding is r(H|nir(‘d. 

(4) Th(^ c,irc,uit. h('1.W(‘en tin' arc, ehv.trodc's may accidentally 
op(m, as l)y a breakages of oiu^ ch‘c-(.rod(‘, or by the consumption! 
of tlie eh!C,iro(l(‘s if the, lamp-trimmer has forgotten to replace 
tliem, or one of tlu^ ('l(‘(;trod(*s may stick and fail to feed, and 
the arc thus in(h4init(‘ly h'ngtlu'n. In siu^li cases, either tlic 
entire c.irc.uit would open, and thus all ilu^ lamps in series in 
this circ,uit go out, or, if llu'. circ,uit voltage is sufficviently high, 
as in a (ionstant-current s(*ri(',s system, tlui art; lamp would lx 
consunuMl and tlu* c.ire,uit damag(‘d by a destructive arc. Tlinf- 
a dcivicc is nc(‘,cssaiy which e, loses ei .slumt eircuit between tlic 
lamp terminals in c.ase the. lamp voltage l)ccomGs excessive 1>3 
a failure of pro})er opeu’ation of tlu* lamp. 

Where only one lamp is operated on c,onstant potential low 
voltage supply, no such protective device is needed. If witl 
two or more lamps in series on constant potential supply, nc 
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objection exists, in case of the failure of one lamp, to have the 
others go out also, the shunt protective device may also be 
omitted, except if the circuit voltage is so high that it may 
damage the inoperative lamp, as is the case with 550 volts. 

When operating a number of lamps in series on constant 
potential supply, as two flame lamps on 110 volts, the shunt 
circuit, which is closed in case of the failure of one lamp to 
operate, must have siuih a resistance, or reactance with alter- 
nating currents, that the remaining lamp still receives its 
proper voltage, even if the otlier lamp fails and its shunt circuit 
closes. With alternating-current lamps, this does not require a 
reactance of such size that the potential difference across the 
reactance equals that across the lamp, which it replaces, but 
the reactance must l)0 larger; that is, give a higher potential 
difference at its terminals, tliaii the lamp which it replaces, to 
leave the normal operating voltage for the remaining lamp, 
since the voltage coiisimietl l)y ilie reactance is out of phase 
with the voltage consumed l)y tlui lump. 

69. For illustration, tlie operating mechanism of a constant 
direct-current arc lam]) is shown dingrammatically in Fig. 50: 

The lower electrode A, is luhi in fixed position. The upper 
electrode B slides loose in a lioldcn- C, and thus, if there is no 
current through the; lamp, drops down into contact with the 
lower carbon, as sliown in Idg. 50. When there is a current 
through the arc circuii., its path iw from terminal 1 through 
electromagnet S, liohhu’ d, iippcs' (doed-rode B, lower electrode A 
to terminal 2. The ele(d,romagiud, is designed so as to give a 
long stroke. Wlum (iiungizt^d l)y tdie current, it pulls up its 
armature, the le.ver DI)', which is j)lvotcd at B. Through the 
rod F, the lev(n’ J) pulls up tlu‘, (dutch Cl This clutcdi and its 
operation an; shown in larg<!r sc.alc^ in Fig. 51, a and h; it con- 
sists of a metal i)iec(i (r, winch has a hole somewhat larger than 
the upper elcctrodi; B. This (lee.t.rodc slides freely through the 
hole, if the clutcli (C is in horizonijil position, as shown in Fig. 51a. 
When the rod F ])idls thu clutch (r up, and thereby inclines the 
piece G, as shown in Fig. 515, ilu', Q(lg(is p and q of the hole in 
the piece G catcli tlic^ dec, troche B, and, in the further upward 
motion of I) and PI rais(( tlui othor electrode, B, from contact 
with the lower c,arbon, A, and tlnuxdoy start the arc. An elec- 
tromagnet of many turns of fine', wire, and of high resistance, P, 


coimcdful in slnint Ix'lwccn ihc lamp <*‘nninals 1 and 2, acts 
iiI)on lh(' sida // at (In* lever 1)1)', opposile frmn tlu* aide; D, on 
whioh tlu; Horie.s niati;nei S ads. With flu* (aarhons in (tontac.t 
with each oilier, and praetically no vollaup hetween (he lamp 
tonninals 1 and 2, (lie (toil P receivts no (airriait, and (txa'ida no 
pull. AVIk'H by tlu' ae.tion of fh(‘ .'^(‘ri(‘.s ina,L»'nei P the lever I) 
pulls up, and tlie are .starts and lengthen.^, its voltage inereascs, 
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a branch current is established througli the shunt magnet P, 
and this shunt magnet tlius opposes the series magnet S. With 
increasing arc length and thus arc voltage^ a point is reached, 
where the shunt magnet P counterbalances the pull of the 
series magnet S, and the lever D and thereby the electrode B 
come to rest; the arc has reached its full length, that is, the 
starting operation is over. As soon as, by the Combustion of 
the electrodes, the arc length and thereby the arc voltage be- 
gins to rise, the current in tlie shunt magnet P, and thus its 
pull, increases, while tliat of the series magnet S, being ener- 
gized by the constant main currcmt, remains constant; the 
lever D' thus pulls up, and lowers 1), and thereby, through rod 
F and clutch G, the ui)ptu' (ihvjtrode B, and thus maintains con- 
stant arc length. During the combustion of the electrodes, by 
the operation of tlui shunt imigncit P, the clutch G and thereby 
the upper electrode B an; gradually lowered, and the arc length 
thus maintained constant, llltiniatidy, however, the clutch 0 
hereby approaclu's tlie horizontal position, shown in Fig. 51a, 
so far, that tlu'. (nlgx^s of tlus holt^, ]> and q, cease to engage, and 
the electrode B is fiaio and droi)s down on the lower carbon A. 
Wliile dropping, howawer, tlui are, shortems, the arc voltage, and 
thereby the current in ih(‘, shunt magneh P, decreases, the pull 
of this magnet d(M‘,r(\‘is(\s e.orix'spondingly, and the series magnet 
S pulls the (diitiih (i u]) again, tlinn^by e.atdies the electrode B 
— usually bcifon; it has dropp('d (luite down into contact with 

the lower cail)on A and again ine,i'(!a.ses the arc to its proper 

length, and tlui sani(! cye.h; of ojx'ration repeats: a gradual 
feeding down of tlui upias’ elee,tro(l(', B by the shunt magnet 
until it slips, and is pulled u)) again by the series magnet S. 

From the same lev(‘r I) is supportotl, by rod L, a contact- 
maker K. If then the upp('r ehcd.nxhi B should stick, and thus 
does not slip, wlaai by tlu' shunt magncd> P the clutch G has been 
brought into horizonl.al position, or, if B has been entirely con- 
sumed, etc., the a,r(! c.ontinues to haigthen and the pull of the 
shunt magnet P to rise, and I) dua-edry goes still further down 
until contact-mak(‘r K elosi's Ihe contacts MN, and thereby 
closes a shunt circuit from tta-minal 1 over resistance P, con- 
tacts M.KN to tcu'minal 2. In the same manner, if, by the 
breaking of one (dectrodc or any oilim' cause, the arc should be 
interrupted, for a moment the full current passes through shunt 
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iiiiignet P, it ii|) its armature D' to its full extent, anc 
thereby eloses the Hluiiit (urcuiit around tlie lamp. 

Wlieii the (uirrent is taken off tlie circuit, armature D drops 
down, and thendjy K (doses tlie shunt circuit, and clutch. 6 
r(d(‘ases the idwdrodt; B, and it drops down into contact witl: 
(!arl:H>n A. In starting the lami>, two i)aths thus are available 
over s(*rieH magnet P, and (d(‘cdrod{‘s B and A, or over resistanc( 
li and (iontacts MN. While the rt‘sistanc(i of the former patl 
is v(‘ry low, it is not (‘iitindy negligible. Therefore a sufficien 
r{‘sista!ici‘ R must Ih‘ instuded in the l)y-path MN, so that ii 
starting }»ra(dically (di the current pass(‘s over S and the elec 
trod(‘s, as otherwise the lamp would not start. During tin 
jiulling tip of lhi‘ armutun* I) by the stales magnet S, in start 
ing, th(( contact K optais, Indore th(^ (dut(di G has caught tin 
electrode B; that is, while th(‘ (dectrodes arc still in oontao 
with each othm*, and tlu‘ optming of contact K therefore breaki 
no ai)})rtHdahle voltagi* or current , h(?nc,e is sparkless. 

In iltis lain]), no steadying rt'sistancn is used, as it is intendtn 
for opta'ution on a constani“Cnrrent (drcuit. If used on con 
stant-«i>ott>ntial cirtniit, as, for instance, a number in series oi 
dot) volts, a steadying resistance would be inserted, as indi 
catf'd at in Pig. 5(). 

Tin* starting of the an*, is aecomplish(‘d ])y series magnet * 
and clntc.h G; tlu* ff‘etliiig by shunt magnet. P; the protectiv'i 
d(‘vie,e is tlu^ contact MKN. 

Suc.li an arc, lamp is called a diJ[]LrvnIi(il lamp, as it is con 
trolled l)y tin* differential action of a shunt and a sc^rit; 
inagiuit,. 

It, contains a jlaaiiaij si/.sfvm of vaniral; that is, the ui)p(c 
elcidrode is snspondiHi liy tin* balanct* of t wo forces, exerted Ir 
thf^ seri(‘s and tin* sliunt magnet; that, is, by tlm current an< 
the voltage; the uppi*!* carbon thert'fon* is almost (iontinuouHl; 
moving slightly in hillowing the ptdsalioii of the arc resistane, 
which oc.curs during ojHTation, Since, with tlui plain carbo; 
arc, th(‘ art! flaint* gives no light,, this pulsation of the arc leng;i' 
is not ohjt'ctionahle; and, sin(!{‘ tin* lamp regulatt's very clostd; 
and rajiidly for c.onstanf, ttn’iniind voltage*, it is very easy on th 
(!ir(!uit, tliat is, does not t(*nd to i)rodut!(! surging of current ant 
voltag(! in the (!ir(!uit. Tin*, floating system of control is, there 
fore, use,d in all C!arl)on arc! lamps. 
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'Wliere a single lamp is operated on a constant-potential 
circuit the mechanism can be simplified by omitting the pro- 
tective shunt circuit RMN, and omitting the shunt magnet P, 
as with a change of arc length, the main current and thereby 
the pull of the series magnet 8 varies, and the control thus can 
be done by the series magnet. Such a lamp then is called a 
series lamp. An alternating-current 
series lamp is shown diagrammatically 
in Fig. 52. 

In starting, the series magnet 8 pulls 
up the electrode B by the clutch G, 
in the same manner as in Fig. 50. 

With increasing arc length and thus 
increasing voltage consumed by the 
arc, the current in the arc and thus 
in the series magnet 8 decreases, and 
thereby the pull of this magnet, until 
it just counterbalances the weight of 
the armature, and tlie motion stop. 

With the consumption of the carl:)ons, 
the armature D, clutch G and elec- 
trode B gradually move down, until 
the clutch lets the c,arbon slip, ihe 
arc shortens, tlie (uirnuit rises, and 
the magnet 8 pulls up again, the same 
as in Fig. 50. A reactance x in series 
with the lamp, as st(^adying device, 
limits the current. This r(^actancc 
usually is arranged witli different terminals, so that more or 
less reactance can be, coniuuvtcd into circuit, and the lamp 
thereby operated, with tlie same arc voltage, on supply circuits 
of different voltage, usually from 110 to 125 volts. 

Obviously, suc'h a series lamj) (!an be used only as single 
lamp on constant potivntifil suiijily, as it regulates by the varia- 
tion of current, and, with scwiiral lanijis in series, the current 
would vary in the same manner in all lamps. One lamp would 
then take all tlie voltage, draw an arc of destructive length, 
while the other lamps wnmld drop their electrodes together and 
go out. 

70. With the luminous arc, in which the light is proportional 
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|>ow(‘r 


to the arc haigth, f)ul.sati()ns of tlu* arc haigth, if appreciable 
give ixikatioiLs of tlie liglit , and tlu; floating wystem of control’ 
which inaintaiiLs con.stant voltage^ Ijy varying tlie arc length in 
correspondence with tht‘ pulsjilitjn of arc resistance, thus is 
uiidesirabl<‘, and a inecliaiiism maintaining fix(;d arc length 
is retiuinnh Such a m(‘(‘hanism, that of th{‘ magnetite arc lamp, 

diagrammatically illustrated 
, in Fig. 58. 

A.s, during oiK'ration, a 
nadted pool forms on the sur- 
fat;e of the ehstlroch;, the elec- 
trodes an* left s(^i)arat(Ml from 
(*ach otluw wlum taking the 
pow«*r of! th(‘ (iinniit, since 
whtai IfittiJig them drop to- 
when taking off the 

- ois in t-h(! c.arl)on arc 

fiH‘y may w(dd tog(‘th(vr and 
the lamp thus fail to start 
again. 

A reju'issmifs the lower or 
n(‘gativ(’ magnetihi tcu'niinal 
which is movalihs li, tin* non- 
c.onsuming u|ipt'r positive' ('.lec- 
trod(‘, c.onsisling of a })icce of 
(^of)pcr, wilh heat -radiating 
wings, H', which is a station- 
ary .and fixed part, of tiic lamp, 
t' is fh(‘ chimney reipiired to 
carry off tin* smoke. 

When starting, tin* circuit, beginning at terminal 1, {lasscs 
contacts MN, through a powerful eh'ctromagnc'l or solenoid 0 
and resistiince It, to terniin.al ‘i. 'riu* solenoitl () pulls up its 
core I), and liy the clutch G raises tlu* lower electrode /I into 
contact with tin' uiiper eleiUmde, H, and thereby closes the 
circuit Irom 1 over series coil .S', electrodes H and d, to tc'rmiiial 
2. The .series (toil .S' jiulls up the core, and therc'by ofiens tlie 
contact MN, thus cuts out fh(‘ shunt circuit Olt. Tint solen- 
oid 0 thus los(‘s its (‘xititat ion, and drops tlie clulcli (I, and the 
lower terminal A drojis away from the uppi'r terminal B by a 
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ciably increase by the consumption of the electrode. Due to 
the character of the arc as a pulsating resistance, such a con- 
trolling mechanism thus maintains constant arc length by a 
potential magnet set for a voltage considerably above the aver- 
age arc voltJig(i. 

Such a iiK'dianism, controlling for constant arc length, does 
not opcratci for constant voltage at the lamp terminals, but 
allows the pulsation of the arc resistance to appear as pulsation 
of the tc'rminal voltagt'. In a constant-current circuit, with 
many lamps in seih's, these voltage pulsations of the individual 
arcs ()V(‘rlap and have no (effect on the circuit. When operating, 
howtiver, a lamj) of such a mechanism on a low-voltage constant 
potential circ.uit, a highly indue, tiv(5 steadying resistance is de- 
siral)le, to takc^ care of tlu^ pulsations of arc voltage. 

71. Tilts optsn or short-1 luriiing carbon arcs of former times — 
which have survi\'ed only in ti few cities — were operated on 
constant direc.t-currtmt c.irc,uits of D.b and (i.G amp. with 40 to 
45 volts pt'r lamp. 

hdie present t'ntdosi'd or long-burning carbon arcs are oper- 
ateij on constant-tmrnmt c,ircuits of 5 amp. and 6.6 arnp. 
(lir(;c,t (Uirrtsit, or of 6.5 and 7.5 amp. alttnnating current, with 
about 72 volts at tint lami) terminals. Tlnty are operated as 
single lanijis, of 5 to 9 amp. on dintet- or altctmating-current 
constant potential cintuils of 110 to 125 volts, or two lamps in 
setries on circ.uits of 220 to 250 volts. 

The tiame-(tarbon a, res, as short-burning open arcs, are usually 
operatt'.d two in seih's on constant-pott'ntial cinuiits of 110 to 
125 volts, or four in sttries on (circuits of 220 to 250 volts, with 
10 to 15 amp. in the arc.. 

The luminous arcs ant opitratitd on 4- a,nd O.O-arap. constant 
(lir(!{tt-(tuiTent. (tirc.uits (inagnetibt lamp), with 75 volts jxtr 
lamp, and on 0- and 4.5-am}). (tonstant altctrnating-current cir- 
cuits (titanium-carbkht arc,), with (SO volts iter lamp. 

,/lrc (Hrcuiix. 

72. Arc, lamits are built for, and oitemted on, constant-potetn- 
tial suitply, and on constant-cturrent supjtly. In general, the 
c,onstant-i)otential ant lamj) is l(‘ss (ttrutient, as voltage and 
thetntby powcu- is (tonsunu'd in tlut stc'adying rc'sistance which is 
required t(^ limit tlie current, tliat is, to give an approximate 
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constant-cun’ent effect, as discussed above. In alternating- 
current circuits, reactance may, and usually is, employed in- 
stead of the steadying resistance, aiul the waste of power thereby 
greatly decreased. Voltage, however, is still consumed and the 
power factor lowered. 

An additional waste of energy generally occurs in constant- 
potential arc-lamp circuits, due to the standard distribution 
voltages of low-i)otential circaiits being higher than necessary 
for the operation of a single', lamp, but too low for the operation 
of two lamps in seuh's. Thus with an enclosed 5-amp. carbon 
arc lamp, with about 70 volts at the arc, a supply voltage of 
95 to 100 volts would be sufficiently higli above the stability 
curve of the arc (Fig. 40) to give, steady operation. Distri- 
bution voltages, howe^veu', vary l)(‘twc;en 110 to 130 volts, and 
the difference thus must bti consumed in resistance, giving an 
additional waste. (D.Kcei)t in thos(i i-are cases, where as steady- 
ing resistance some ustiful d(wi(uw, as incandescent lamps, can 
be employed.) Witli an (mclosed arc lamp on a 125-volt cir- 
cuit, only 30 volts, or 20 pen* (uvnt, are usefully employed in 
heating the carbon tcu’minals and tluu'(d)y ],)rodu(5ing the light, 
while the remaining 71 pc'r c,('nt is wasted in tlui rc'sistance 
and in the non-luinino\is arc, flame. Fonuwhat l)etter are the 
conditions wlum operating two liigh-cnirrent open arcs, as two 
flame lamps, in series on such a circ,uit. How(',ver, at the lower 
distribution voltagti, as 110 volts, 1-lui supply voltage may be 
already so closer to tlu'. stability limit, of the arc that the arcs 
are not as steady as (h'sirable. 

The low-c.uiTunt, long luminous arc, s of electro-conduction, as 
the magnctitci art;, (!an in gc'ueral op(U'ated only with diffi- 
culty on circuits of lit) to 125 volts, and therelore are, lor 
constant-potential stu’vic.i^, frequently designed lor operation as 
single lamps on 220 t.o 250 volts ,sui)i)ly, with extra great arc 
length. 

For indoor illumination, c,onsta,nt-])otential arc lamps must 
obviously be used, as safdy dot's not permit the introduction 
of the high-voltagt' stuit's arc c, ire, nits into houses. For out- 
door illumination, as st.rt't'l, lighting, in th(^ United States the 
constant-curremt, arc, lamp is, with the (',xce|:)tion of the interior 
of a few very largt' c.itic's, as Ntnv York, used exclusively, due, to 
its greater efficiency, anti the grtsator distance to which the cur- 
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rent can l)e sent at the high voltage of the constant-current 
circuit. In American towns and citic-is, where arc lamps are 
used for strtHit ligliting, ijractic.ally always the entire city up to 
the farthest suburbs is light(‘d l)y arc lamps, and frequently arc 
lamps installed evtm beyond tlu; readi of the high-potential 
primary altc'rnating-current supi)ly. To reach such distances 
with low-voltage const,ant-|)otential supply, is impossible, and 
thus the constant-eairn'iit s(‘ri(\s systcun l)ecomes necessary. In 
Euro|)c,tan cities, whtaxj a pri'judicai exists against high-voltage 
constant-e.urnsit (drcuits, and peo})l(^ an^ satisfied to have arc 
lam]i)S only in thc^ inttaior of tla^ city, and leave the lighting of 
the subuii)s to gas lamps, constant-i)otential street lighting is 
geiKU’ally (an{)loy(‘d, and is emiruaitly satisfactory within the 
limitations with whic.h Europtum citicfs arcj satisfied, but would 
be impossible in tlu', averagi', Americum city. 

Wherii plain carl)on arc.s arc^ used in American cities tlio 
encloscid arc, lain}) is (‘xdusively installed, and open arc lamps 
have survivt'il only in a Ivw exc, (optional cases, mainly where 
|)olitic,al n'asons have* not yet p(n'mitt(!d their nsplacement by 
modern lam|)s. Tlu^ lesstn’ atltmtion rtMiuin^d l)y tlie enclostid 

ar(‘, lami) - w(‘(‘kly trimming instead of daily with the oxjcn arc 

lamp “has Isnm ftnmd to make it more ('e,onomical than tlie 

oi)(m arc lamp of (tld. In hhirojK', wlien^ labor is cheaper, and 
tlu; daily atUmtion not consiilered objee.tionable, the oi)en or 
short-burning arc, lami) has maiidained ils liold, and the tm- 
closeil an; lamp has neves' Ijecm used to jiny gnuit extent. With 
tlu; d(!V(‘lopment of thi; llanu; carbon, ihc dame arc, therefore, 
has binnd a rapid introduc.tion in Knropi', whih; in the United 
Sta,t(;s it was excluded from us<‘ in slrcM'i lighting, <lue to its shori- 
hurning hcituu', whieh re<iuires daily trimming, and is used only 
for decora,! ivc; purposes, for advertising, (‘le., until an enclosed or 
long luirning flame; arc him]) had l)i'('u dmmloijed. 

In si)iie of tin; low(*r (‘fliciency of the all (‘mating carbon arc, 
tlu; coustant-curn'nt c.inudls used fur are. ligliting are gc'iierally 
albu’iiating, dm; to the grf*at(*r eonvenii'iie.i; of generation of 
ali(‘rnating curnait, and constant direc.t-(;urr(‘nt arc eireiuts 
used only wlum' tin; city ortlu' (‘lectric liglit c.om|)any lays stress 
on the etli(;i('nc.y of light ju'iKbu’.tion. 

While the develoimieni of the (;onstant~eurrent mercury arc 
rcjctifier has made the generation of constant direct current 
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almost as simple and convenient as that of alternating current, 
this has very little increased the use of the direct-current en- 
closed arc lamp, but when changing to direct current sup-' 
ply, usually the arc lamp is also changed to the luminous arc, 
the' magnetite lamp, which gives more light and consumes less 
power. 

In constant-current arc circuits, usually from 50 to 100 
lamps are operated in series on one circuit, with circuit volt- 
ages of 4000 to 8000 volts. Seventy-five-lamp circuits, of 6000 
volts, probably are the most common. 

73. Constant direct current was produced by so-called "arc 
machines” or “constant-current generators.” Of these only 
the Brush machine has survived, and is now also beginning to 
disappear before the mercury arc rectifier, which changes the 
alternating current of the constant-current transformer to direct 
current without requiring moving machinery. 

The Brush machine in its principle essentially is a quarter- 
phase constant-current alternator with rectifying commutator. 
An alternator of low armature reaction and strong magnetic 
held regulates for constant potential: the change of armature 
reaction, resulting from a change of load, has little effect on 
the field and thereby on the terminal voltage, if the armature 
reaction is low. An alternator of very high armature reaction 
and weak field, however, regulates for constant current: if the 
m.m.f., that is, the ampere-turns required in the field coil to 
produce the magnetic flux, arc small compared with the field 
ampere-turns required to take care of the armature reaction, 
and the resultant or magnetism-producing field ampere-turns 
thus the small difference between total field . excitation and 
armature reaction, a moderate increase of armature current 
and thereby of armature niaction makes it equal to the field 
excitation, and leaves no ampere-turns for producing the mag- 
netism; that is, the magnetic flux and thereby the machine 
voltage disappear. Thus, in such a machine, the current out- 
put at constant field excitation rises very little, from full volt- 
age down to short circuit, or, in other words, the machine 
regulates for approximately constant current. Perfect constant- 
current regulation is produced by a resistance shunted across the 
field, which is varied by an electromagnet in the machine circuit, 
and lowered — that is, more current shunted through it, and 
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thereby the I'uhd exeitiitit.ii decreased -—if the machine cur- 
rent tends to rise by a decrcxise of tlie reciuircd circuit voltage, 
and imairsely. ’ 

Tile constant-('iuT('nt regulation of tiie arc machine thus is 
not pioducu'd 1)^ its so-called rc'gulator/ hut approximate 
constant-current n'gulalion is inlua-ent in tlie machine design, 
and the rt'gulalor nuo'ely inakt‘s the regulation perfect. 

A more (‘Xiilicit discussion of the idienonuma in the arc 
machine, and (‘s]M‘cially its n'ctification, is given in Chapter III 
of Section II of “Tht'my and (’ahndation of Transient Electric 
Phenomena and Oscillations.” 

In alt(‘rnating-curr{‘nt, circuits, aiiiiroximato constant-current 
regulation is ])roduced by a largi' naictance, that is, by self- 
induction, in the cinmit. In transfonmms, tin* scdf-induction is 
the stray fiOd, or the leakage flux Ixctwet'ii |)rimary coil and 
secondao' coil. In the (xmstunt-current, transformer, which is 
most gem'rally used for constant idternating-current supply 
from constant alternating voltagt*, the iirimary t.urns and the 
secondary turns are massed togi'thm* so as to give a high mag- 
netic stray flux lietween tlu‘ coils. Such a t ransformer of high 
inti'rnal sOf-induction, or high stray llux, ri'gulates approxi- 
rnatOy for constant ciirrent. Perfect, const anl.-current regula- 
tion is |)rodutx‘d liy arranging lh(‘ secondary and the primary 
coils movalilc with regard to earli other, so that, when low cir- 
cuit voltage* is reiiiiircd, tin* coils move* apart, and the stray 
llux, that is, the reactance, increases, and inversely. The 
motion of th(‘ coils is made automaJle*. by balancing the magnetic 
repulsion between the laiils by a count er-weighl.. A discussion 
of the {•.onstant-ciirrcnt tninsfonner and its nicHh* of ojieration 
is given in “I'heory and ( dalculation of Mltu'lric (dirciiits,” Chap. 
XIV. 

In the so-(ailled “constant-current reactance*,” tlie two coils 
of the constant-current f rarisforiner an; wound for the same 
curri'iit, and (•onne{^ted in npposition with (*n<'h «)t.lier, and in 
,seih*s to the arc circ.iiil into tlu* c.onstant-])ot(*ntial mains. 
With the coils close to (*ach other, tlu* reac.taiita* is a rninimuin, 
and it is a maximum with tlu* e.oils tlu'ir maximum distance 
apart. 

The con.stant.-euirrt'nt. r(*actance has the advantage of greater 
cheapness, but also has the s(*rious disadvantage* that it connects 
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all the arc circuits electrically with the constant-potential alter- 
nating-current system, and any ground in an arc circuit is a 
ground on the constant-potential supply system. As grounds 
are more liable to occur in arc circuits, the constant-current 
reactance is therefore very little used, and generally the con- 
stant-current transformer preferred, as safer. 

In the constant direct-current mercury-arc rectifier system, 
the constant-potential alternating-current supply is changed to 
constant alternating current by a constant-current transformer, 
and the constant alternating current then changed to consent 
direct current by the mercury-arc rectifier. An explicit dis- 
cussion of the phenomena of the constant-current mercury arc 
rectifier is given in Chapter IV of Section II of “Theory and 
Calculation of Transient Electric Phenomena and Oscillations.” 

If the constant-current arc circuit accidentally opens, with a 
Brush machine as source of supply, the voltage practically 
vanishes, as the machine has series field excitation, and thus 
loses its field on open circuit. The constant-current trans- 
former, however, maintains its voltage, and gives maximum 
voltage on open circuit. The mercury arc rectifier, when sep- 
arately excited by a small exciting transformer, also maintains 
its voltage on open circuit. If, however, after starting, the 
excitation is taken off, that is, the exciting circuit opened, as 
is permissible in a steady arc circuit, the voltage in the arc 
circuit disappears if the arc circuit is opened. Inversely, when 
connecting an arc circuit to a Brush arc machine, an appre- 
ciable time elapses while the voltage of the machine builds 
up, while with the constant-current transformer and thus also 
with the constant-current mercury arc rectifier system, full volt- 
age exists even before the circuit is closed. 


LECTURE IX. 


MEASUREMENT OF LIGHT AND RADIATION. 

74. Since mliation ih t;ner|^y, it imi l)t5 ineaHured as such 
by convertinii; thi* emu-gy of railiation into soini; other form of 
energy, as, for instaiuu*, into ht'at, and na‘asuring the latter. 

Thus a beam of ra<liation may hi? measured lyy having it 
impinge on one c.ontatd of a thermo-c,( tuple, of whic.h the other 
contact is maintaim‘d at (constant tmnjterature. A galvanom- 
eter in the fontuit of this th(‘rrno-(;oupl<! thus measures the 
voltage itrodiKied Ity tln^ dilTereniu* of tem|)erature of the two 
contacts of the ihermo-tiouple, jind in tins manner tlu; temper- 
ature rist! [troducai by tlu‘ cmergy (tf I hi* incident beam of nulia- 
tion is ol,)H(‘rved. 

Probably the most sonsifive method of measuring (*ven very 
small amounts of radiation is flu* Itolometi*!*. Tlie Iteam of 
the radiation (or afti'r dissolving the beam into a spectrum, 
the wave length of wliich the po\vt‘r is to be measured) impinges 
ui)on a narrow and thin strip of nH‘tal, as platinum, and thereby 
raisi‘s its temperature Ity conveivnon of the radiation energy 
into luait. A rise of temperature, however, itroduiu's a rise of 
electric resistanci*, and the l.-itter is mejisured by enc.losing the 
platinum strijt in a sensitive Wheatstiuii* bridge. Thi* rise of 
temperatun* of the platinum strip by the small power of radia- 
tion oltviously is so small that it could not be observed by 
any thermometer. Electric resistanci* measuri'ments, however, 
can Ite maili! with exlremi* ac.c.uracy, and esjiecially extremely 
small changes of resistance ciin be measured, I'hus a change 
of resistance of 1 in a million and, with very sensiti\'e measure- 
ments, even many times sm.'iller changes can be oliserved. As 
1 deg. cent, produces ;i ri'sistancc change of ahiout ().4 per emit, 
a change of one millionth corres{ionds to a temperature rise 
4 -d’oo (leg. cent. Thus, b}' the bolometer, extremely small 
amounts of radiation can lie measured, as, for instance, the 
power of tlie moon’s radiation, ete. 
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The total radiation energy of a body for a given time can be 
measured by absorbing it and measuring the heat produced by 
it, as, for instance, the amount of ice melted in a calorimeter. 
Any particular range of tlie total radiation, as, for instance, the 
total visible radiation, (!an be measured in the same manner 
by passing the radiation firet through a body which absorbs 
that part which is not desired, for instance, a body transparent 
to visible, but opacpK^ to invisible radiation. As no body is 
perfectly transparent to one, |)erftictly opaque to another radi- 
ation, the sei)aration of tlu; radiation by absorption is nec- 
essarily incoml)let{^, and e.ornMdion must therefore be made 
in the result. This makc's this method ratlier inconvenient 
and inaccurate. Kven wiuui m(!asuring the total radiation by 
absorption in a calorimc'.t.tn’, it is i)ractically impossible to 
collect the total radiation without either losing some, or 
including energy, whie-h is not radiation, but heat conduc- 
tion or convection. ()l)viously, by enedosing the radiator in 
the calorimeter, the. hit,t(U’ would mcijisure not only tlic radi- 
ation, but also tlio power lost by heat (jonduction, convec- 
tion, Ct(!. 

Sometimes tlui power of radiation c.an be measured by meas- 
uring ini)ut and loss(\s. Tims, in an iiic,and(;s(!ent lamp, the 
electri(;-pow(U' input is nu^asured, a,ud th(‘, power lost by heat 
conduction and (;onv(u‘,tion ('slirnated if not ('.ntirely negligible. 
In thos(i cas('s in wliieli all or most of the (viuu’gy sui)plied is 
converted into radiation, fis in an incandescamt lanq), this 
method is tlu'. most (iXcae.t. Ilowcnau’, it c.an dinavtly measure 
only the total radiation pow(U'. To nieasuni the', diflbrent parts 
of the radiation so as to d('t(!rmine separately tin; ])ower in the 
visible, the ultra-red, and tlu; ultra-viol(;t range, the method of 
input and lossc's e.an l)e used to giva; tin; total radiation power, 
and, by bolom(;t(;r or otlnu* means, the r(;lativ(; pow(;rs of the 
component radiaiions ineaHuiH'd in a Ix'am of light. From the 
total radiation and tlu; radio of its compoiu;nts, then, follows 
the values of radiation jxiwi'r of the (;omi)oiu;nts. 

75. Lifilil, how(;v('r, (;annot, bi; nu;asured by any of the pre- 
ceding metiiods, sinc.i; light, in tin; s(;nse in which it is con- 
sidered photonu;t.ri(;ally, is not i)ow(;r, l)ut is the physiological 
effect of cert.ain wave haigtlis of radiation, and tlicrefore can- 
not be measured, physically, as |)ow(;r, but only physiologically, 
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by with other physiological effects of the same 

nature. 

The pH)wer of visilhe radiation obviously can be measured 
and thus we c.an exprt'ss tlui power of the visible radiation of 
a mercury lain]) or an incandescent lamp in watts. But the 
IiowtT of visibl(‘ radiation is not proportional to the physiologi- 
cal elTcct, and thus not a mt*asure then'of. One watt of green 
radiation givt's many times as gnsat a physiological effect, that 
is, more light, as does one watt of red or violet radiation, and, 
liesides, gives a different kind of ])hysiological effect; a differ- 
ent color. 

The, unit in which illuminating value of light, or its intensity, 
is express(-d as the “(•andI(‘-pow(‘r,” is, therefore, a physiological 
and not a [ihysical quantity, and lumce it has no direct or con- 
stant relation to tin; unit of power, or the wait. The unit of 
liglit intensity has l)een eliosen by convention: as the physio- 
logical (‘ffect exi'rted on tlie iiuinan eye by 5 sq. mm. of melting 
])latiiiuin, or by a flume burning a dilinite chemical compound 

— as amyl acetate or pentane at a dc'finiic rate and under 

di'finite conditions, etc.. 

Broadly, thcrcldrc, the conception uf a clucnicid eriiuvalent of 
light, that is, a relation lH‘twc(‘n candh* jiowcr and watt, is 
irrational, just, as, broadly, a relation bctwciai time and distance 
is irratitmal; that, is, just as dislanct* cannot he expressed by 
the nnit, of tinif*, so candle ]Hiwer cannot bc' ('xpressed by a 
unit of power, as the watt. A relation l)e|.W(‘en two such 
inherently differeat quantities can be establisla'd only by an 
additional conventional assumption, and varies with a change 
of this extraneous assuinplion. I'lnis stellar distances are 
measured in “light years/’ that is, liy the' distanci* traveled by 
tlu: light ill one year, as unit. So also the physiological effeuT 
of oiu! dcliiiite coltir of light, as that of tin* grci'ii mercury line, 
or tlic yellow sodium line, or tlie red lithium line, (Ciii lie related 
to the unit of power, or the watt, and we may speak of a me- 
chanical equivalent of green light, or of yellow light, or of rod 
light. Will'll doing so, however, we give to (hi' term “mechan- 
ical equivalent” a different, meaning from what it has in physics, 
for instance, as “mcclianical equivalent of heat.” The latter 
is the constant relation lictAvccn two different forms of the 
same physical iiuantity, while, for instance, the “mechanical 
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equivalent of green light” is the relation between a physiolog- 
ical effect and the physical quantity required to produce the 
effect; and thus is not necessarily constant, but may, and does, 
vary with the intensity of the effect, the individuality of the 
observer, etc. It appears, however, that at higher intensities 
the relation is very nearly constant and the same with differ- 
ent observers, so that it is possible, to express the physiological 
effect of a definite wave length of radiation, within the accuracy 
of physiological measurements, by the power consumed in pro- 
ducing this wave length of radiation; but it becomes entirely 
impossible to compare physiological effects of widely different 
wave lengths by comparing the power required to produce them. 

When speaking of mechanical equivalent of light, it thus 
must be understood in the extended meaning of the word, as 
discussed above. 

76. In photometry, and in general in illuminating engineer- 
ing, it is of essential importance to keep in mind this difference 
in the character of liglit as physiologicial effect, and radiation 
as physical quantity of power. This is the reason why all 
attempts to reduce photometry to a strictly physical measure- 
ment, and thereby bring photometric determinations • up to 
the high grade of exactnciss feasil)le in physical observations, 
have failed and must necessarily fail; we cannot physically 
compare an effect as light, whicli is not a physical quantity, 
but somewhere in all photonuitric methods the physiological 
feature, that is, the judgment of the human eye, must always 
enter. 

Photometric tests ilmrefore can never have the accuracy of 
strictly physical detcirminations. All attempts to eliminate 
the judgment of the human eye from })lu)tometry, by replac- 
ing it by the selenium cell, or the photographic plate, or 
Crookes’ radiometer, cite., necessarily are wrong in principle and 
in results: some of those instriinuiiits, as the bolometer, the 
radiometer, etc!., compare the [)ow(!r of the radiation, others, 
as the selenium cell or the photographic plate, the power of 
certain changes of radiation, l)ut their results are comparisons 
of power, and not of physiological effects, and thus they can- 
not be of value in measureme-nt of illuminating power. 

Measurements of light thus are made by comparison with 
an arbitrarily chosen conventional unit, a primary standard 
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of light, as ''standard candle, or a duplicate or multiplicate 
thereof. Obviously, in measurements of light, usually not the 
primary standard of light is used, but a more conveniently 
arranged secondary standard of light, that is, a standard which 
has been calibrated by comparison, directly or indirectly, with a 
primary standard. 

77. The most accurate method of comparing lights is the 
zero method, as represented by the different types of photom- 
eters. The illumination produced by the two different sources of 
light — the one to be tested and the standard — are made equal 
by changing the relative distances of the sources. ' At equal illu- 
mination their intensities are proportional to the square of their 
distances. Tims, for instance, in the bunsen type of photometer, 
as shown diagrammatically in its simplest form in Fig. 55, the 
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two white screens A and B are illuminated, the one. A, by the 
light, L, which is to be tested, the other, B, by the standard S, 
as a calibrattid or standardizcul IG-cp. incandescent lamp, ancl 
then either L or 8 or both are moved until, seen from C, the 
two sides A and B of the screen become equal, that is, the divid- 
ing line C between them disappears. When this is the case, 
L d = ad - 7 - wlnyre r and y are the two distances of the 
sources from tlu^ scrcien. 

Different modifications of the bunsen photometer are most 
commonly used. 

As th(i sensitivity of tlie eye to differences of illumination is 
not very groat, usually a number of readings are taken on the 
photometer, and then averaged. 

For testing incandescent lamiis, L, as standard S, a calibrated 
incandescent lamp is used, operated on the same voltage supply, 
so that fluctuations of light caused by minor fluctuations of sup- 
ply voltage eliminate by appearing in both sources L and S. 
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For similar reasons, when testing gas lamps or other flames, 
L, as S, a flame standard, as the pentane lamp, is used, so that 
the effect of barometric pressure, humidity of the air, etc., 
appears in both lamps and thereby does not appreciably affect 
the comparison of their light. 

A quick and approximate method of comparison of sources 
of light is given by the shadow photometer by moving an 
object between the two lamps until the two shadows of the 
object give the same darkness. When this is the case, the 
illumination at the object is the same, and the intensities of 
the two sources are then proportional to the square of their dis- 
tances from the object. Street lamps can, in this manner, be 
rapidly compared, with fair 
accuracy, by pacing the 
distance from the one to 
the other, and noting wluiii 
the two shadows of the 
observer are eciual in dfirk- 
ness. If then at x ste].:)H 
from the one lamp, L^, th(‘, 
shad<)ws are eciiud, and y 
further steps are recpiinHl 
to rcinih tlie second lamp, 

Lg, it is : 

L, -e L, = -V- yh 

A very convenient form 
of photoriKiter, which gives 
good results even wliere 
the two lights are of some- 
what different e.olor, is tlui 
paraffine photonuvtca'. A 
block of paraffine is cast, as shown in Jdg. 56, divided by a 
sheet of tinfoil in tlu', ceni,(a' C, and covered with tinfoil except 
at the top and on tlui sides A and B. It is advantageous to 
have the center slu'et of tinfoil C |)erforated by a hole D. 

The block of paraffine tlnm is held so that the side A is illu- 
minated by tire one lain}), L, tlie sid(^ B by the other lamp, S, as 
shown in Fig. 57. As t)araffine is translucent, the entire block 
then appears luminous, and a beam of light is seen traversing 
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the bloek from tie' hohi I), on tlu* .sides whieli receives lc.ss light 
By moving tlu; |uirMfIine block l)etw(!en the lumps L and S 
until l)oth side's of it are' of the' same luminosity, that is the 
elividing line C and the' lieam cast by holes I) elisai)i)ear, equality 
e)f the two illuminatiiiiis can lees loc.aie'd rapidly and with great 
acc.uracy. 



Fiii. fj". 


78. Whem (somparing lamps giving light of tin; same color, as 
iiKsandescent lamps of I he' saint' filaint'ut temperatures, that is, 
the same edlielency, e'xat'f cemiparisons can bet madee — within 
the limits of st'usitivily of the e've for inft'iisity tliheremces — - 
l)y the iihotometer by making the two side's A and B of the 
Ihmseii pholomt'it'r seert'en, or tliet (wo haivt's of tlm [laraffino 
block, ielentical, lliat is, making flit* dividing line? (/ tlisaiipemr. 
If, howt'Ver, tht' color of the (wo lights is nett (het same, as, for 
instance', wlu'ii comparing a (ungsfen lanii) anti an ordinary 
incanilcsc.ent lanip, ntt po.dtirm ttf (he |)lto{t)mf'(t‘r can lie found 
wheret (lit' dividing line (' bclwet'U .1 ami B (ddgs. od, 57) dis- 
appears, but a color difference' always remains. To make a 
comparison, it Is (ht'n'fort' nct't'ssary for the t'yt! to juelgc 
when Ihtt Iwtt side's .,1 and H are t»f tlu* same intensity^ while of 
(lillt'ri'nt colors, II (he t'olor dilli'rt'nce is sineill, as be'twt't'n two 
difTt'rt'nj, fyiies of int'anelt'scent lamps, this can lie done with 
fair accurat'.y, tliougli obvinmly not :is acc-uratcly as the c.oni- 
parison ol lights oi idt'iitical colors. If, heewever, the Cf)lf)r 
dilh'rt'iice, is gri'at.as helwoen the nc'i'cury are*, and t het eerangt',- 
ye'lltiw t'arlton filaine'nt lamp, the* une*e'rt;iinly eef t'tjuality of 
the' inte'jjsity ol ilhiminat ie»n becenne's vt'ry gre*a,f, aiiel constant 
errors apjicar, tint' tei die tliftVrcncc of the phy.'-deilogical effect 
of elilie'rt'nt* colors, an<i eliticn'iiccs jilso appear lit'twe'e'ii tliffer- 
ent ohsi'r\a'rs, so that the' photoine-i rie* (tomji.'iri.son of light 
sourc.es of grt'ally eliffe're'nt I’eilors is ejulii* unreliable, and that 
not metrc'ly liy inaccuracy, but by unknown and inelivielual (um- 
.sta,nt t'rrors. 

In Huedi cases, fn'que'utly ligld.s of interme'diary color are 
used to reduce' tht' tliflerenccs in ('.'ich e>bserva(ion. Thus the 
carbon tilument lamp is eompared with the' timgsieii lamp, the 
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tungsten lamp with tlie carbon arc lamp, and the latter with 
the mercury arc lamp. Hereby the uncertainty of each obser- 
vation is reduced by the reduced color difference. In the final 
result, however, the comparison of the carbon incandescent- 
lamp standard and the mercury arc lamp no advantage is 
gained, because the errors of the successive measurements add. 
Especially is this the cast; with the constant errors, that is, 
errors due to the specific color effect, and in consctquencc thereof 
the inactairacy of the final result is not much better than it 
would be, by single and dirttci, comparison. 

A photomt;tc;r whicili is somtitimos used for comparing lights 
of dffftirtait color, and is bastJtl on a difftirent |)rin(iiple from 
either of the above discussed instruments, is the Jlicker pho- 
tnmder. In its simph'st form it consists of a stationary disk, 
illuminat<;d by the one; lamp, and a rotating half disk or secdor 
in front of it, which is illuininatcHl by the oth(!r laini). At slow 
rotation a dicker sliows, whic.h disai)|)(;ars if tlu; si)(;ed l)e- 
coincs sufiicic;ntly high. K, is olwious that tlu; more; n(;aiiy 
equal tlu; (dleth on the (;y(;of tlu; two illuminations — that of tlu; 
stationary disk and that of tlu; revolving sec, tor -"-tlu; low(;r is 
the speed at wliic.h tlu; llick(;r disai)p(;ars, and, by adjusting the 
distance's of the two lamps so as to cause; tlu; lli(;k(;r to dis- 
appear at the minimum si)(;(!d, tlu; instrument indi(;at(;s (;(iuality 
of the effecd; of the; two su(;(;(!ssiv(; illuminations on tlu; (;ye. 
This is fr(;(|U(;ntly (;onsi(l('n;d as rt;pr('S(;niing (;(|uality of tlu; 
illumination, and tlu; instrunuait in this manner used to com- 
pare illuminations. Tlu;rt; Is, how(;v('r, no r(;ason why this 
should l)(; tlu; (;as{;, but, on tlu; c.ontrary, it is improbabh;. . As 
tlu; p('rsistc;nct; of vision, and in g{;n{;ra,i tlu; physiologic.al ('ffects 
of dilTen'iit e-olors, are dinerent, tlu; llic.ker photom(;ter must be 
exi)(;(;t(;d to have a c.onstimj, ('rror wliic-h in(;r(;as(;s with color 
diff(;renc,(;; that is, it does not compare; lights of diffc;r(;nt color 
by tlu'ir iiluminaling valiu's, but by se)m(; oth(;r ft;ature not 
directly rehit-ed ther(;to. 

71). Tlu; ph()tom(‘l,(!r thus (;annot saiisfaeetorily com|)are lights 
of diff(;r(;nt e-olors, Aftc'r all, this is obvious; tlu; |)hotoin- 
eter compares by id(;nt.ity, but, lights of (nff(;r(;nt (;olors can- 
not be identical, and thus two suc.h lights (‘-annot be more 
broadly (;ompan;<l than any otlua* two (iuantit-i(!S of diffe.rent 
charact(;r ; tliat is, a greeai light can no more l:)c; equal to a red 
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light than a piece of stone can be equal to a piece of ice A 
comparison of quantities of different nature is possible only 
pgarding particular features of the quantities which they have 
in common. Thus a piece of stone and a piece of ice can be 
compared regarding their weight, or their density, etc. In the 
same manner, two different colors of light, or in general two 
different frequencies of radiation, can be compared by any 
feature which they have in common. Thus, for instance, the 
photographic plate compares them in their chemical activity, 
the bolometer by their physical energy. 

Light is used for seeing things by, that is, distinguishing 
objects and differences between objects. Regarding this feature, 
the distinction of objects given by them, different colored lights 
can be compared, and a green light can be made equal to a red 
light in illuminating value. 

It thus means that any two lights, regardless of their color, 
have the same intensity if, at the same distance from them' 
objects can be seen with the same distinctiveness, as, for in- 
stance, print read with equal ease. The only method, therefore, 
which permits comparing and measuring lights of widely differ- 
ent color is the method of “reading distances,” as used in the 
so-called luminometer. It after all is the theoretically correct 
method of comparison, as it compares the lights by that prop- 
erty for which they are used. Curiously enough, the lumi- 
nometer, although it has the reputation of being crude and 
unscientific, thus is the only correct light-measuring instrument, 
and the photometer correct only in so far as it agrees with the 
luminometer, but, where luminometer and photometer disagree, 
the photometer is wrong, as it gives a comparison which is 
different from the one shown by the lights in actual use for 
illumination. 

The relation between luminometer and photometer for meas- 
uring light intensity, therefore, is in a way similar to the relation 
between spark gap and voltmeter when testing the disruptive 
strength of electrical apparatus: while the voltmeter is fre- 
quently used, the exact measure of the disruptive strength is 
the spatk gap and not the voltmeter, and, where the spark gap 
and voltmeter disagree, the voltmeter must be corrected by the 
spark gap. In the same manner the luminometer measures 
the quality desired the illuminating value of the light — but 
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the photometer may be used as far as it agrees with the lumi- 
nometer. 

80. The luminometer can hardly be called an instrument, 
but it is merely a black box, as shown in Fig. 58, to screen off 
all extraneous light, and 
allow only the light of the 
source which is to be ob- 
served, to fall on the print. 

The print obviously must 
be black on white, that is, 
complete absorption and 
complete reflection, so as 
not to discriminate in 
favor of particular colors. 

No great accuracy could 
be reached by merely com- 
paring the ease of reading 
the same kind of print with different sources of light. A high 
accuracy, however, is reached by using a print which does not 
give definite words ^ — in which letters which are not clearly 
seen cannot be guessed from the sense of the word or sentence 
— but a jumble of letters, capitals and small letters, arranged in 
meaningless words. 

Such a luminometer chart is given below : 

Amhof dirito amritu, Lisno ladse pemrane odo Ulay 
Foresca 1598720 woleb noitaidar. Ybod ergy may 
Pewos ex Idetnera, bsor poge Morf Tenscerophop War- 
dog; Omsk whykow efforau tespo ygnew col Brispo 
Monas albo darmosphor? Cottef vol Demno myo 
36802 Erbtomy, quot liiaworu pio Nio cuguab Qaphla- 
qua H 530 K b n q; 267 Lloysir baraka nunc, cinq 
Viamara W x 4 zoliaq kama nambosi erianoscum. 
Zaraz didym fore ik yiquia Fumne. 

With such a printed chart in the luminometer, the observer 
moves towards the light or away from it — or the light is 
moved, with the observer stationary — until a point is found 
at which the large letters, as the capitals, can be clearly dis- 
tinguished, but the small letters are indistinguishable. This 
point can be found with great sharpness, and the accuracy of 
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observation by the luminometer when used in this manner is 
nearly as great as that of the ordinary photometer, but unlike 
the photometer, the luminometer gives consistent and reliable 
readings even with widely different colors of light. 

The comparisons made by the luminometer of widely differ- 
ent colored lights by different observers agree remarkably 
well, showing that the distribution of color sensitivity is prac- 
tically the same in different human eyes. Only occasionally a 
person is found with abnormally low sensitivity for some par- 
ticular color — this obviously is not a fault of the instrument 
but in the nature of the measured object, which is a physiologi- 
cal effect, and as such may be different in different persons. 

The luminometer can be still further improved by illuminat- 
ing one half of the printed chart from the one, the other half 
from the other, source of light, and then moving the two sources 
to such distances that the small letters on both sides of the chart 
become indistinguishable, while the capitals are distinguishable. 

As well known, the luminometer is largely used for measuring 
street illumination, as it is very simple and requires no special 
technical training. Such observations, where the distances are 
measured by pacing, are crude, and, to get exact results by the 
luminometer, the same care is required as when using the pho- 
tometer. 

The limitation of the luminometer, as generally used, is that 
it compares lights at constant and relatively low intensity of 
illumination. The relative intensity of light sources of differ- 
ent colors changes however over a wide range with the inten- 
sity of illumination at which they are compared, as discussed 
in Lecture III. A complete comparison of different colored 
lights therefore requires measurements at different intensities 
of illumination. 

With a photometer, the intensity of illumination can usually 
be varied over a wide range by bringing the light sources 
nearer to the screen or removing them farther. In the lumi- 
nometer, only a moderate change of the intensity of illumina- 
tion, at which the comparison is made, can be produced by 
using different sizes of print, and the interpretation of such 
tests is difficult. 

A wide and definite range of intensities of illumination, at 
which comparison of the light “sources is made by the lumi- 
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nometer, can be secured by using gray print on white back- 
ground, and lights of different colors thereby compared over 
a wide range of illuminations. 

With a luminometer chart of gray letters, of albedo a, on 
white background, the illumination or light flux density, at 
which the luminometer readings are made as described above, 
is: / 


where is the illumination or light flux density when using 
black print on white background. 

81. Since light is a physiological effect, the measurement of 
this effect requires a physiological unit, which is more or less arbi- 
trarily chosen. Such a unit may be a unit of light, that is, of 
light intensity or light flux, as a flame, or it may be a unit of 
light-flux density or illumination, that is, of light flux per unit 
area. 

Thus, a fairly rational unit of light-flux density or illumination 
would be the illumination required at the limits of distinguish- 
ability of black print of a specified type, on white back- 
ground, that is, the light flux per unit area by which, with such 
black print on white background, the capitals and large letters 
can still be distinguished, while the small letters are indistin- 
guishable. 

Usually so-called “primary standards” have 'been chosen as 
units of light intensity. Violle recommended as standard the 
light at right angles from 1 sq. cm. of melting platinum. (Ap- 
proximately 20 cp.) This unit has never been introduced, 
partly due to the difficulty of producing it, partly due to the 
unsuitability of platinum for this purpose: platinum gives 
gray-body radiation, therefore any impurity, as a trace of car- 
bonized dust, may increase the light. 

Candles have been largely used for standards, as the name of 
the unit implies, made and burned under definite specifications. 
As individual candles vary widely in their light, the use of the 
candle as standard necessarily is very crude and inaccurate, 
and thus unsatisfactory. 

The only primary standard which has found extensive and 
international use is the amyl-acetate lamp of Hefner. This is 
a lamp burning amyl acetate at a definite rate, with a definite 


178 RADIATION, LIGHT, AND ILLUMINATION. 

height of flame and definite conditions regarding air pressure 
and humidity. This Hefner lamp, or German candle, equals 
about 90 per cent of the British candle and equals 90 per cent of 
the international candle. Amyl acetate has been chosen as it 
can easily be produced in chemical purity, and gives a good 
luminous flame. The flame, however, is somewhat reddish thus 
markedly different from the color of the carbon incandescent 
lamp, and departs still much more from that of the tungsten 
lamp. Instead of amyl acetate, pentane has been used and is 
still used. It gives a somewhat whiter flame, but the pentane 
lamp is not as constant. 

However, the Hefner lamp, while universally used as pri- 
mary standard, is altogether too inconvenient for general pho- 
tometric use, and, for this purpose, usually incandescent lamps 
are employed which have been compared with, and standard- 
ized by-, the Hefner lamp. In reality, from these standard 
incandescent lamps, by comparison, other incandescent lamps 
have been standardized, and so on, until of late years the 
Hefner lamp has been finally abandoned as primary standard of 
light, and we have no primary standard; but the standard of 
light is maintained by comparison with incandescent lamps 
kept for this purpose; that is, it is maintained by duplication of 
samples, and by international agreement an incandescent lamp 
unit has been adopted as the standard or ‘'international candle.'' 

82. A number of primary standards have lately been pro- 
posed, but none has yet been much developed. 

Some work was done on the acetylene flame, burning in 
oxygen. It has a very suitable white color, but its intensity is 
very sensitive to slight impurities of the acetylene, and such 
impurities, as hydrogen, are difficult to avoid. 

A suitable unit appears to be the normal temperature radiation 
at specified temperature, and the temperature could be defined 
by the ratio of the radiation power of definite wave lengths. 
Thus, such a unit would be an incandescent lamp, radiating x 
watts at such temperature that the power radiated between wave 
lengths 45 and 55 bears to the power radiated between wave 
lengths 60 to 70 the ratio y. The radiated power x could prob- 
ably be determined from electric power input and losses. Such 
a unit would probably be replaceable with considerable exact- 
ness, but would still be arbitrary. 
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A further possible unit would be the light given by one watt 
visible radiation, by normal temperature radiation at a definite 
temperature — the latter specified and measured by the ratio 
of radiation power of two different ranges of wave length. 
Such definition would base the physiological effect, under speci- 
fied conditions of temperature, on the unit of power, or the 
watt, as unit of light. Its disadvantage is the difficulty of 
measuring the power of the total visible radiation, since at the 
ends of the visible spectrum the power is high and the physio- 
logical effect low, and a small error in the limits of the spectrum 
would make a considerable error in the result. 

More satisfactory, therefore, appears the derivation of a 
primary standard of light by combining three primary colors of 
light in definite power proportions. Thus, choosing three lines 
of the mercury spectrum— in the mercury arc in a vacuum, 
perfect steadiness and high intensity can easily be produced — 
in the red, green and blue, about equidistant from each other, 
these three radiations would be combined in definite propor- 
tions — chosen so as to give the desired color of the light, 
probably a yellowish white — and in such quantities as to 
give one watt total radiation, or, if as unit the illumination 
is used, to give one microwatt per sq. cm.; that is, the 
standard of illumination would be the illumination produced 
by one microwatt of radiation power, composed of the three 
wave lengths of the three chosen mercury lines, in definite 
proportions. 

Such a standard, derived by combination of definite wave 
lengths, which arc easily reproducible, appears the most satis- 
factory in regard to permanence. It would incidentally give a 
numerical expression to color values, as any color then would 
be represented by the nurncricial ratio of the power of the three 
standard spectrum radiations, which, mixed together, give the 
color.* 

83. Light is produced for the purpose of illumination. The 
raw material used in illumination is the flux of light issuing 
from the illuminant. The important characteristic of the illu- 
minant, by which it is judged, thus is the total flux of light 
issuing from it, and its measurement one of the main objects 
of photometry. 


* Proo. A. I. E. E., (1908). 
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The photometer or luminometer, however, gives the light 
intensity in one direction only. Thus, to measure the total 
flux of light, the light intensity in all directions in space 
must be determined, and added, or averaged, to get the 
average intensity of light, usually called the ‘'mean spherical 
intensity.” 

If the light intensity were the same in aU directions, one 
single photometric observation would give it, and therefrom, by 
multiplying with 4 n, the total flux of light would be obtained. 
This, probably, is never the case. 

Many iUuminants, however, give a symmetrical distribution 
of light around an axis, so that the distribution curve is the 
same in aU meridians. This is practically the case with the or- 
dinary incandescent lamp with oval filament, and also with the 
tantalum and the tungsten lamp. Thus if the curve, shown in 
Fig. 69, is the distribution curve in one meridian, it is the same 
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Fig. 59. 


in every other meridian, and for photometric test of the illumi- 
nant it is sufficient to measure the light intensities in one merid- 
ian only, for instance, from 10 to 10 degrees. To get herefrom 
the mean or average intensity, it would obviously be wrong to 
merely average all the intensities under equal angles, since the 
equatorial intensity covers a far greater area — a zone of 10 de- 
grees width and 2 tt circumference — than the intensity of lati- 
tude that is, under angle cf) from the horizontal: the latter 
covers a zone of 10 degrees width and 2 tt cos ^ circumference, 
and the polar intensity covers only a point. 

To get the total flux of light, the intensity under each angle cp 
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thus is to be multiplied with the area of the zone which it 
covers, 2 nd cos (j), where d is the angular width of the zone 
(10 deg., for instance), and then added. The average or mean 
spherical intensity then is derived herefrom by dividing with 
the surface of the sphere, or by 4 tt. 

Thus, to get the mean spherical intensity from the distribu- 
tion curve, the instantaneous values of intensity, taken under 
equal angles d, are multiplied each by cos then added, and 

§ ^ 
the sum multiplied by -, where d, the angular distance under 

which observations are taken, is given in radians, that is, 

10 deg. gives ^ This usually is done graphically. 

Occasionally, as in incandescent lamps with single-loop fila- 
ment, the light intensity is not the same in all meridians, but a 
maximum in two opposite meridians: at right angles to the 
plane of the filament; and a minimum in the two meridians at right 
angles to the former, giving a horizontal or equatorial distribution 



Fig. 60. 

of light intensity about as shown in Fig, 60. In this case the 
horizontal distribution curve may also be determined photo- 
metrically, averaged so as to give the mean horizontal intensity 
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and the ratio of the mean horizontal intensity to the maximum 
horizontal intensity (or any other definite horizontal inten- 
sity); and the mean spherical intensity, as derived from the 
meridian of maximum horizontal intensity (or any other definite 
horizontal intensity), is multiplied with this ratio to get the 
real mean spherical intensity. Usually in this case measure- 
ments are taken only in one meridian, hut during the test the 
lamp rotated around its vertical axis with sufficient speed, so 
that each observation in the meridian, under angle in reality 
is the mean intensity in the direction (p. Thus, in incandes- 
cent lamp tests, usually the lamp is revolved, so as to average 
between the different meridians. 

As the distribution of intensity in the meridian is the same, 
within the error of photometric test, for all incandescent lamps 
of the same type of filament, usually the distribution curve of 
one meridian is measured once for all, therefrom the ratio of 
horizontal to mean spherical candle power, the so-called spherical 
reduction factor, de'termined, and then in further photometric 
tests of lamps of this type only the horizontal intensity meas- 
ured, and from this, dividing by the spherical reduction factor, 
the mean spherical intensity is derived. Thus, while with the 
incandescent lamp the intensity varies in each meridian, and is 
different in the different meridians, the mean spherical intensity 
nevertheless is derived by a single photometric observation of 
the horizontal intensity with rotating lamp : the rotation aver- 
ages between the different meridians, and the spherical reduction 
factor translates from horizontal to mean spherical intensity. 
Reduction factors of incandescent lamps usually are between 0.75 
and 0.80, reaching practically 1.00 in the modern tungsten lamp. 

84. Far more difficult is the matter with arc lamps : in the ordi- 
nary carbon arc lamp, the intensity also varies in the meridian, 
and is different in the different meridians, but not with the 
same regularity as in the incandescent lamp, and, further- 
more, the intensity distribution between the different meridi- 
ans, as well as, to a lesser extent, the total light flux of the 
lamp, varies with the time. The arc is not steady and con- 
stant in position, as the incandescent filament, but wanders, 
and the light intensities on the side of the lamp, where the are 
happens to be, thus are greater than on the side away from the 
arc. The meridians of maximum and of minimum intensity. 
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however, do not remain constant in position, but continuously 
change with the wandering of the arc. Therefore, by measure- 
ments in a single meridian, the distribution curve of maximum 
and that of minimum intensity can be determined by waiting 
during the observation for the arc to come around to the 
side of the observer — maximum — and go to the opposite 
side — minimum— intensity. Such curves are shown in Fig. 61. 



Fig. 61 . 


This, however, carried out for every angle in the meridian, 
makes arc-light photometry rather laborious, especially as 
the total intensity pulsates with the time, and therefore a 
considerable number of readings have to be taken in every 
position. 

Therefore, for arc light photometry, integrating photometers 
are especially desirable, that is, photometers which, by a single 
observation, determine — more or less accurately — the mean 
spherical intensity; that is, the average intensity, in all directions. 
With such an integrating photometer, by taking a number of 
successive readings and averaging, so as to eliminate the varia- 
tion of total intensity with the time, the mean spherical inten- 
sity, and thus the total flux of light, can be derived more 
rapidly. 

Such an integrating photometer is the Matthews photometer. 
It consists of a circle of inclined mirrors, which surround the 
lamp and reflect the light in all — or, rather, a certain number 
of — different angles into the photometer, and there the differ- 
ent reflected beams are by absorption reduced in the proportion 
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of cos ^ and combined on the photometer screen. Obviously 
the Matthews photometer does not average the intensity in all 
directions, but only in two meridians opposite to each other- 
however, by averaging a number of successive readings very 
accurate results can be derived. ’ 

A method of averaging in all directions is based on a similar 
principle as that by which the radiation from the interior of a 
closed sphere of constant temperature was found to be black- 
body radiation: if the lamp is located in the center of a closed 
sphere (perforated only at the place where the photometer 
enters) of perfectly white reflecting surface, then the light in- 
tensity throughout the entire inner surface of the sphere is 
uniform, and is the mean spherical intensity of illumination at 
the distance of the radius of the sphere. The reason is : every 
element of the interior of the sphere receives light directly from 
the lamp, and also light reflected from all the other elements 
of the sphere, so that the total light received at every element 
•of the sphere is the same, hence is the average illumination. 
By enclosing the test lamp in the center of such a photometric 
sphere of sufScient size, its mean spherical intensity thus can be 
determined by a single reading. Such an arrangement has the 
further advantage that it allows a direct measurement of mean 
spherical intensity — or light flux — of such illuminants as the 
mercury lamp, in which the radiator is of such extent that it 
cannot be considered as a point without going to excessive 
distances. 

85. Photometrically, and in illuminating engineering, only 
the mean spherical intensity — which represents the total flux 
of light — and the distribution curve — which represents the 
distribution of this light in space — are of importance. The 
“horizontal intensity’’ has been used as a conventional rating 
of incandescent lamps, but is merely fictitious, as it does not 
mean an actual average horizontal intensity, but the horizontal 
intensity which the light flux of the lamp would give with the 
standard mean spherical reduction factor, if the filament had 
the standard shape. 

Downward candle power and maximum candle power obvi- 
ously have no meaning regarding the light flux of the lamp, 
but merely represent a particular feature of the distribution 
curve. 
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Hemispherical candle power is used to some extent, especially 
abroad. i® ^ mixture between light flux and distribution 
curve, as it gives no information on the total light flux, nor 
on the actual distribution curve, and may mislead to attribute 
to the lamp a greater light flux than it possesses — by mistaking 
it with mean spherical candle power — it has no excuse for exist- 
ence, and should not be used. 


LECTURE X. 

LIGHT FLUX AND DISTRIBUTION. 

86. The light flux of an illuminant is its ^ total radiation 
power, in physiological measure. It therefore is the useful 
output of the illuminant, and the efficiency of an illuminant 
thus is the ratio of the total light flux divided by the power 
input. 

In general, the distribution of the light flux throughout space 
is not uniform, but the light-flux density is different in different 
directions from an illuminant. 

Unit light-flux density is the light-flux density which gives 
the physiological effect of one candle at unit distance. The 
unit of light flux, or the lumen, is the light flux passing through 
unit surface at unit light-flux density. The unit of light inten- 
sity, or one candle, thus gives, if the light-flux distribution is 
uniform in all directions, unit flux density at unit distance from 
the radiator, and thus gives a total flux of light of 4 tt units, or 
4 Tt lumens (since the area at unit distance from a point is the 
surface of a sphere, or 4 tjt). 

The unit of light intensity, or one candle power, thus gives, 
with a radiator of uniform light-flux distribution, 4 Tt lumens of 
light flux, and inversely, a radiator which gives 4 Tt lumens 
of light flux, gives an intensity of one candle, if the intensity is 
uniform in all directions, and, if the distribution of the intensity 
is not uniform, the average or mean spherical intensity of the 
radiator is one candle. Thus one mean spherical candle rep- 
resents 4 TT lumens of light flux, and very frequently the mean 
spherical candle is used as representing the light flux : the light 
flux is 4 TT times the mean spherical intensity, and the mean 
spherical intensity is the total light flux divided by 4 Tt, regard- 
less whether the light flux is uniformly distributed or not. 

The -total light flux of an illuminant is derived by the sum- 
mation or integration of the intensities, that is, the flux den- 
sities at unit distance, in all directions from the radiator. 
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The distribution of light flux or of intensity is never uniform, 
and the investigation of intensity distribution of the light flux 
thus necessaiy. 

The distribution of the light intensity of an illimiinant de- 
pends upon the shape of the radiator and upon the objects 
surrounding it; that is, tlie distribution of the light flux issuing 
from the radiator depends on the sliape of tlie radiator, but 
is more or less modified by shadows cast by surrounding 
objects, by refraction, diffraction, diffusion in surrounding 
objects, etc. 

The most common forms of radiators are the circular plane, 
the sti’aight line, that is, tlu; cylinder, the e-ircailar line or circular 
cylinder and combinations t-]i(!reof. 

87. Very frcHiucmtly the intensity distribution of an illurni- 
nant is symmcdaic.al, or ai)i:)roximatcdy syninudirical, ar(,imd an 
axis. This, for instaiua^, is the (iase witli the arc lamp, the 
incandescent lami), mo.st flames, etc,. If the distribution is 
perfectly symmetihad around an axis, the distrilnition in space 
is characterizcid by that in oik^ navridian, tluif is, one planer pass- 
ing through the axis. If ilu^ distril)ution is not symnuitrical 
around the axis, usually ilu; spa{ui distribution is (diaractcri^jcd 
by the distribution curvi's in two nauidians a,t right angles to 
each other, tln^ meridian of ina,xiimim a,nd that of minimum 
intensity, and tlui distribution in the (ajuutorial plaiai, that is, 
the plaru^ at right angh's to ilu' axis. 

Distribution curves an* best rep resented in polar coordinat-es, 
and the angl(‘ (/> (iouided from t,la! axis towards tlui (aiuator 
(that is, comph'na'nlary tu tlu! “ hititiah'.” in gciography). 

As most illuniinants ani used with their symmetry axis in 
vertical direction, and the downward light is usually of greahir 
importance, it is convtmient in plotting distribution curves to 
choose tlie synma-t.ry axis as veaiieal, and count tiie angle f/) 
from the downward ve'rtical towards tim horizontal; that is, 
the downward beam would be^ givesi by 0, tiie Imrizontal 
beam by </> — tit) ek'g., and tln^ upward l)e'am liy (/; LSO eh'g. 

The usual reiiresenteitlon eef tlu; light-dux dist^ribution in [lo- 
lar coeirdinates eh)es ne)t givei a fair represemlation eif the', teital 
light flux, or the mean spheriend intensity e)f the light source, 
but on the cemtrary fre'eiue'iitly is veay misleaiding. When com- 
paring different peilar curve's of intemsity elistributiem, it is 
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impossible to avoid the impression of the area of the curve as 
representative of the hght flux. The area of the polar curve 
however, has no direct relation whatever to the total light flux, 
that is, to the output of the flluminant, since the area depends 
upon the square of the radii, and the light flux directly upon 
the radii of the curve. Thus an iUuminant of twice the inten- 
sity, but the same flux distribution, gives a polar curve of four 
times the area, and the latter gives the impression of a source 
of light far more than twice as great as the former. 

The meridian curves of intensity distribution are still more 
misleading: the different angles of the curve correspond to 
very different amounts of light flux: the horizontal intensity 
((f) = 90 deg.) covers a zone of 2 riv circumference, while the 
intensity in any other direction ^ covers a zone of 2 ttv sin <f> 
circumference; that is, an area which is the smaller, the nearer 
^ is to 0 or 180 deg. ; the terminal intensity, upward or down- 
ward, finally covers a point only, that is, gives no light flux. 
As the result hereof, an iUuminant giving maximum intensity 
in the downward direction, and low intensity in the horizontal, 
gives a much larger area of the polar curve than an illnminant- 
of the same or even a greater total light flux which has its 
maximum intensity in the horizontal. Comparing, therefore, 
illuminants of different distribution curves, it is practically 
impossible not to be misled by the area of the polar curve, and 
thus to overestimate the iUuminant having maximum downward 
intensity, and underestimate the iUuminant having maximum 
horizontal intensity. 

The misleading nature of the polar curves of intensity dis- 
tribution in the meridian is illustrated by the curves in Figs. 
64 and 99: the three curves of Fig. 64 give the same total 
light flux; that is, the same useful output; but 2 looks vastly 
greater than 1 or 3, and 3 especially looks very smaU. Curves 
I, II, III, IV in Fig. 99 give the same total light flux, and curve 
0 gives only one tenth the light flux. To the eye, however, the 
curve I gives the impression of a far more powerful iUuminant 
than the curve IV, and curve 0 appears practically equal to, if not 
larger than IV, while in reality it represents only one tenth the 
light output of IV. 

88. In an iUuminant in which the distribution of intensity 
is symmetrical around an axis, and thus can be represented 
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by one meridian curve, the total light flux is calculated thus : 
I = intensity at angle 4> 

(counting the angle cf> from one pole over the equator to the 
other pole). 

This intensity covers a zone of the 
sphere of unit radius of width d(f> and 
angle <j!),that is, a zone of radius (Fig. 62) 
r=sin^; thus surface 

dA = 2 TT sin cfid4>, 

and the light flux in this zone therefore 
is : 

d^=IdA 

— 2 7tl sin 4)d4>; 

hence, the total light flux : 

= 2 TtJ^ I sin 4^d4>. 


H 

H| 


1 

■gj 



Fig. 62. 


( 1 ) 

( 2 ) 


The light flux in the space from the downward direction ^ 0 
to tlie angle <l> ~ cl>^ against the vertical or symmetry axis, then 
is 


<I> 




.r 

Jo 


2 TT I J sin (])d(j), 


( 3 ) 


and th(^ light flux in a zone between the angles (j)^ and 4>2 
<l>2 




<i>i 


2 TT f I sin 4>dd>. (4) 

J<i>i 

L DISTRIBUTION CURVES OF RADIATION. 

(1) Point, or Sphere, of Uniform Brilliancy. 

In this case, the intensity distribution is uniform, and thus, if 

I = intensity of light, in candles, 

<I> = 4 tt/ = light flux, in lumens; (5) 

or, inversely: 


I = 


4 TT 


( 6 ) 


The l)rilliancy of a radiator is the' light-flux density at its sur- 
face'. Thus, with a luminous point of intensity 1, the brilhancy 
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would be infinite; with a luminous sphere of uniform intensity 
distributionj and of radius r, the brilliancy is 


B = 




4 Ttr^ 


».2 > 


( 7 ) 


hence, inversely proportional to the square of the radius of the 
spherical radiator. 

(2) Circular Plane of Uniform Brilliancy. 

89. Such radiators are, approximately, the incandescent tip 
of the carbons in the (non-luminous) electric carbon arc, or 
the luminous spot in the lime cylinder 
of the lime light (hydro-oxygen flame), 
etc. 

.Choosing the circular luminous plane 
as horizontal direction, the intensity 
distribution is symmetrical around the 
vertical, the vertical direction thus can 
be chosen as axis, and the angle (j> 
counted from the vertical upward. 

The intensity is a maximum 1^, ver- 
tically downward, for 4> = 0. 

In any other direction, under angle <j> against the vertical 
(Fig. 63), the intensity is 



////// 

//////, 



y 


lo 


and is zero for 


Z = /(, cos 


= 90 deg. 




( 8 ) 


The light flux issuing from the radiator below angle is, by 

(3): 


hence, by (8) : 


= 2 TT r / sin 

t/o 


= 2 TtL 


-I 
2 ° 




sin (f> cos 
cos 2 0 / 

4 

— cos 2 0}, 


(9) 





that is, the same as in class (1). 

Comparing (10) with (5), it thus follows that the total light flux 
of such a radiator, for the same maximum intensity, is only one 
quarter that of a radiator giving uniform intensity distribution 
throughout space, or inversely, with such a downward distribution 
of light, the maximum intensity is four times as great as it would 
be with the same total light flux uniformly distributed through 
space. 

The flux distribution is a circle having its diameter from the 
source of light downward. It is shown as 2 in Fig. 64, and 
the concentric circle giving uniform intensity distribution of 
the same total light flux is shown as 1. 

(3) Hollow Qircular Surface. 

Such a radiator, for instance, is approximately the crater of the 
positive carbon of the arc lamp. 

As with such a radiator, as shown in section in Fig. 65, the 
projection of the luminous area in any direction 4^ is the same 
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as with the plane circular radiator (2), the same equations 

apply- 

(4) Rounded Circular Surface. 

Such, for instance, is approximately the incandescent carbon 
tip of the arc-lamp electrodes, when using carbons of sufficiently 
small size, so that the entire tip becomes heated. 

■ Assuming, in Fig. 66, the radiator as a segment of a sphere, and 
let 2 w = the angle subtending this segment, r^ the radius of this 
sphere. 

For all directions 4>, up to the angle co below the horizontal ; 

0< f <~~ 0) ; 

the projection of the spherical segment in Fig. 66 is the same as 
that of a plane circle, and thus the intensity is given in class (1), 
as ; * ■ 

i = Iq cos 

7t TT 

In the direction, 2 ~ ^ ^ ^ ^ 2’ 1^1^® intensity is 

greater, by the amount of light radiated by the projection Byx, 
and, in the horizontal direction, the intensity does not vanish, 
but corresponds to the horizontal projection of the luminous 
segment. 

Above the horizontal, light still issues in the direction, 

■K , Tt 

2<0<2+-, 

7€ 

from the segment Buv, and only for ^ A- o)<(f> does the light 
cease. 

If = radius of carbon, the radius of the luminous segment is 


'1 • ^ 

Sin 0) 

the height of the segment is 

h ~ r^il — cos cjS) 
7-2 (1 — cos oS) 


sm 0 } 
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hence the surface of the segment, or the luminous area, is 


= 2 rJiTt- 


2 (1 — cos co) 


sin'^ CO 


(x> 


2 r/ TT X 2 sin^ - 
2 2 

4 sm^ - cos^ - 


r‘ TV 


2 " 
“o® 2 


( 14 ) 


Thus, if the luminous area is the same as in the plane circle 
class (2), it must be: 


7t 


r7t: 


cos' 


CO 


or, 


CO 


r cos 


2 ’ 


(15) 


and, if the brilliancy B is the same, the maximum intensity for 
^ = 0 is 

lo 

=r^B cos^ (16) 

Zt 


that is, the rounding off of the circular radiator, at constant bril- 
liancy and constant luminous surface, decreases the maximum 

intensity by the factor cos^^, but increases the intensity within 

Zi 

the angle from co below to co above the horizontal direc- 
tion. 

In Fig. 67 are plotted the distribution curves, for the same 
brjlhancy and the same area of the radiator, for a plane circular 
radiator, as 1 ; a rounded circular radiator of angle co = SO deg. 
as 2, and a rounded circular radiator of angle w = 60 deg., 
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as 3. As seen, with increasing rounding, gradually more and 
more light flux is shifted from the vertical into the horizontal 
direction. 



Straight Line or Cylindrical Radiator. 

90. Such radiators are represented approximately by the lum- 
inous arcs with vertical electrodes, by the mercury-arc tube, 
by straight sections of 
incandescent-lamp fila- 
ments, etc. 

. The intensity distribu- 
tion is symmetrical with 
the radiator as axis. 

The intensity is a max- 
imum at right angles 
to the radiator, or in 
horizontal direction, cf) = 90 deg., when choosing the radiator as 
vertical axis. At angle <^6, the intensity is. Fig. 68, 

I = Iq sin (f), 

and is zero for = 0 and 4> = 180 deg., or in the vertical. 



( 17 ) 
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The light flux within angle ^ from the vertical is, by (4), 


^ 0 


I sin (I)d4> 


2 Ttl^ / sin® d)d4> 

^ 0 

/ (l-cos®^)d^; 
0 


hence, 


= Ttl, 


^0*^ = / 4>- 


sin 2 4> 


and the total hght flux for ^ = tt is 


(18) 

(19) 

( 20 ) 

(21) 

where I is the length; 'w the diameter of radiator. The bril- 


or, inversely: 


$ 


and the radiating surface is 

A = TCWl, 


liancy, therefore, is 


B 


£ 

A 


or, 




wl ’ 

(22) 

wlB 


/o = ; 

7C 

(23) 

-r , 'WB 

(24) 

io — J 

% 


may be called the linear maximum intensity, or, maximum inten- 
sity per unit length. 

Most of the light of a linear vertical radiator issues near the 
horizontal, very little in downward and upward direction. Put- 
ting i gives the angle cj), which bisects the light flux: 

sm2 (p 7t 
^ = 4’ 


and herefrom, by approximation, p = 66 deg.; that is, half the 
light flux issues within the narrow zone from 24 deg. below to 
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24 deg. above the horizontal, or in the space between a and a' in 
Fig. 68. _ 

It is interesting to compare the three radiators, (1), (2), and(5), 
on the basis of equal maximum intensity, and on the basis of 


equal light flux, thus : 




Uniform. 

Circle. 

Cylinder. 

Light flux 4>, at equal maximun 

intensity Iq . . . 

4^/o 

7 . 1 , 

7.% 


4 

1 

7t= 3.14 

Maximum intensity at equal 


$ 

$ 

fight flux 4>. 

4 7Z 

7t 

7.^ 


1 

4 

4 

- = 1.27 

7t 


As seen, at the same maximum intensity, the cylinder gives 
nearly as much light flux as given by uniform distribution, that 
is, its deficiency in intensity in the polar regions represents very 
little light flux. The circular plane, however, gives only one 
quarter as much light flux as uniform distribution. 

With the same horizontal intensity of a cylindrical radiator, 
as the vertical intensity of a circular plane, the former gives 
71 = 3.14 times the flux of light. 

In Fig. 64 the three distribution curves are shown for the same 
total flux of light: curve 1 for uniform intensity, 2 for a plane 
circle, and 3 for a straight cylinder as radiator. 

(6) Circular Line or Cylinder. 

In the spirals, loops or ovals of in- 
candescent-lamp filaments, circular 
radiators, or sections thereof, are met. 

Let r = radius of the circular radi- 
ator, w = diameter of the radiator 
cylinder, shown in section in Fig. 69. 

The intensity is a maximum in the 
direction at right angle to the plane 
of the circle. 

The projection of the radiator in this direction of maximum 
intensity, = 0, has the length: 2 nr; and if, by (24) : 

T' _ 

^ 7C 

= maximum linear intensity, 
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where B = brilliancy, 


it is, 


Zq = 2 titIq = 2 rwB. 


( 25 ) 


This is in the direction in which the projection of the radiator 
is a circle of radius r, and thus circumference 2 7 rr. 

In any other direction (j), the projection of the radiator is an 
elhpse, with r and r cos ^ as half axes, as seen from Pig. 69 . 

If I = the circumference of this ellipse, the intensity in the 
direction 4> bears to the maximum intensity 1^ the same ratio as 
the circumference of the ellipse to that of the circle; that is, 


I 



(26) 


The circumference of an ellipse with the half axes a and c is 


I {a + c) 71 (1 +■ q), 

where 

^ _ 1 /u — cy ^ 1 fa ~ cy ^ 1 /a — c\* ^ 

+ 64 Va + c/ ■^^Va + c) 


(27) 


The ratio of the circumference of the ellipse to its maximum 
diameter, y = is given in Table I, and plotted in Fig. 70, 

jU T 

with the ratio of the half axes, that is, cos (j), as abscissas, and, m 
Fig. 71, with angle 0 as abscissas. 


TABLE I. — CmCUMPERENCE OF ELLIPSE. 


c 

- = cos 6 . 
a 

II 


1 

V — — ■ . 

2, r 

1.0 

■IB 

0 

1-571 = ^ 

0.9 


10 

1.560 

0.8 

1.418 

20 

1.525 

0.7 

1.345 

30 

1.470 

0.6 

1.278 

40 

1.390 

0.5 

1.210 

45 

1-350 

0.4 

1.150 

50 

1.305 

0,3 

1.110 

60 

1.220 

0.2 

1.055 

70 

1.120 

0.1 

L 025 

80 

1.045 

0 

1.000 

90 

1 . 00.0 








Fig. 70. Fig. 71. 


In Fig. 72 is plotted the intensity distribution in the meridian 


of such a circular radiator, 
vertical, and a minimum ^ 


This shows a maximum in the 


in the horizontal. 

Theoretically, exactly in the 
horizontal, = 90 deg., the in- 
/ 

tensity should be as one half 

jL 

of the circle shades the other 
half. In most cases of such circular 
radiators, sections of incandescent- 
lamp filaments, w is so small com- 
pared with r, that it is practically 
impossible to have the radiator 
perfectly in one plane, as would be 
required for one half to shade the 
other half. 

(7) Single-Loop Filament. 



Fig. 72. 
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92. As an illustration of the use of the distribution curves 
of different typical forms of radiators, the distribution curves 
of a single-loop incandescent-lamp filament may be calcu- 
lated. 

Such a filament consists of two straight sides, joined by a half 
circle, as shown in Fig. 73. . 

The distribution of in- 
tensity is not symmetrical 
around any axis, but ap- 
proximately so around the 
axis Z in Fig. 73. 

The meridian of maxi- 
mum intensity is the plane 
right angles to the 
plane of the filament; the 
meridian of minimum in- 
tensity is the plane of the 
filament, XZ, and the 
least variation of intensity 
occurs in the equatorial 
plane XY. The distribu- 
tion curves in all three of 
these planes are required. 

Assuming the straight 
sides as of a length equal 
to twice the diameter of 
the loop, or of length 4 r, 

where r = radius of the half circle. 

As it is impossible to produce and maintain such a filament 
perfectly in one plane, we assume, as average deviation of the two 
straight sides A and B of Fig. 73 from the vertical, an angle of 
10 deg. 

The intensity distribution of the straight sides A and B in any 
meridian plane thus is that of a straight radiator, (5), at an 
angle of 10 deg. against the vertical. 

Let Ij = maximum intensity per unit length. Then the 
meridianal distribution of the sides A+Bis: 

= 4 r// {sin A 10°) + sin {(p - 10“) } (28) 

Hereto in the meridian of maximum intensity is added the fight 
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intensity produced by a half circle of radius r, (6); that is, 

(29) 

where I is the circumference of the ellipse which projects the 
circle of radius r, under angle and is given by Table I and 
Figs. 70 and 71. 



Fig. 74. 


In the meridian of minimum intensity, the light intensity /g 
produced by the projection of the half circle in its own plane, 
under angle (j), is added to the intensity This projection is, 
by Fig. 73, 

c = r (1 + cos cj)), (30) 

and thus Zg = cl^' 

= ri; (1 + cos 95.). (31) 

In the equatorial plane, the intensity, due to the straight sides 
A + B,is constant, and is that of a straight radiator under angle 
10 deg. from the direction of maximum intensity ; hence is 

4 = 8 rij cos 10°. (32) 

To this is added the intensity produced by the half circle of 
radius r, that is, 4; hence, in the meridian of maximum intensity, 
7 = 4+ Jj, Curve 1 of Fig. 74; in the meridian of minimum 
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intGnsity, I -^ 3 ; Curve 2 of Fig. 74 j and in the eouator 

/ = Zq + Z 2 , Curve 3 of Fig. 74. ' 

( 8 ) In Table II are recorded the intensity distribution of the 
different radiators discussed in the preceding paragraphs. 

TABLE II. 



Single-loop filament. 

Meridian of 


Max. 

Min.- 

Equator. 

intensity. 

intensity. 





1.70 

1.70 

5.51 

1.73 

1.68 

5.50 

2.47 

2.35 

5.46 

3.19 

2.97 

5.41 

3.84 

3.53 

5.33 

4j 41 

4.02 

5.24 

4.88 

4.41 

5.16 

5.23 

4.70 

5.06 

5.44 

4.88 

4.98 

5.51 

4.94 

4.94 


II. SHADOWS. 

93. The radiator of an illuminant can rarely be arranged so 
that no opaque bodies exist in its field of light flux and obstruct 
some light, that is, cast shadows. As the result of shadows, the 
distribution of intensity of the illuminant differs more or less 
from that of its radiator, and the total light flux is less. 

The most common form of shadow is the round shadow sym- 
metrical with the axis of the radiator, that is, the shadow of a 
circular plane concentric with and at right angles to the sym- 
metry axis of the illuminant. Such for instance are, approxi- 
mately, the shadows cast by the base of the incandescent lamp, 
by the top of the arc lamp, etc. Such also are the shadows of 
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the electrodes in the arc lamp in that most common case where 
the electrodes are in line with each other. 

As an example may be considered the effect of a symmetrical 
circular shadow on the light flux and its distribution with a 
circular plane and with a straight line as radiator. 

( 1 ) Circular Plane Opposite to Circular Plane of Radiator. 

Shadow of negative carbon in front of the positive carbon 
of the carbon arc. 

In Fig. 75, let 2 r be the diameter of a circular plane radiator 
(positive carbon); 2r^ 
the diameter of the 
plane, which casts a 
shadow (negative car- 
bon of the arc lamp); 
and I the distance be- 
tween the two. 

Assume as the 
maximum intensity of 
the light flux issuing 
from the radiator AOB 
(which is in downward 
direction, hence com- 
pletely or partly intercepted by the circle Then, the 

intensity of the light flux from the radiator, in any direction 0 , 
is, according to reasoning under heading I, class (2), 

I = Iq cos 4>. (1) 

In this direction 96 , the circle A^B^ projects on the plane AB 
as a circle A^B^, with radius r^, and the center 0^ of this circle 
has from the center 0 of the radiator the distance 

a = OO 2 = I tan cj). ( 2 ) 

If now the projected circle 0^ overlaps with the radiator circle 
Oj, the area S of overlap, shown shaded in Fig. 76, is cut out from 
the radiator by the shadow, and the light flux in the direction 4> 
thus reduced from that of the complete radiator surface, nr"^, 
to that of the radiator surface minus the shaded part 8, that is, 
nr'^—S, or in the proportion 

r^Tt - S 

^ r'^Tc r'^Tz 



(3) 
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From equation (8) then follows, for every value of 0, the cor- 
responding value of T, herefrom the value of q and by (4) the 

^ value of I. 

1,0 94. In Table III ar© given 

0.9 the values of p and q for the 
g g ratio of radii : 

" n = 2.0; 1.0; 0.7, 

corresponding to a shadow sec- 
tion equal to 4 times, 1 times, 
and 0.5 times the section of the 
radiator. 

o-i These are plotted as curves 
0 I, II, III, in Fig. 78. 


TABLE III. 



- 1 = 2 . 

r 

I. 

m 

IM 

- « 0.7, 
r 

in . iv '. 

0 


1.000 

1.000 


0.1 


0.964 

0.968 


0.2 

0.885 

0.895 

0.910 


0.3 


0.810 

0.835 


0.4 


0.715 

0.748 


0.5 


0.615 



0.6 


0.500 

0.575 


0.65 




0.532 


0.7 


0.380 

0.502 

0.477 

0.71 






0.8 


0.255 


0.386 

0.85 




0.340 

0.9 


0.127 

0.500 

0.95 


0.063 



1.0 

0 

0 

0.500 




T 

If — < 1, the curve III represents the effective light-giving 

r 

area only up to the values of p, where but beyond this 

value, at least in the application to the shadow cast by the 
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negative carbon of the arc lamp, the shaded area is not merely 
the circle 0/, but also the area shown shaded in Fig. 77, 
which is shaded by the shadow cast by the sides of the lower 
electrode. 

From the value p', which corresponds to Wi = r,_, the area S 
■then increases by 2r^ (p—p')‘, hence, if S'= shaded area for 
p = p', for any value of p>Pi, 

8= 8' 2r^ (p-p'), 


and 




8 ' 


nr 


2r{p—p') 

nr^ 


(17) 


This is shown in Table III and in Fig. 78 as curve IV. 

Such curves of intensity of a plane circular radiator of radius 
r, shaded by a concentric circular shade of radius at distance I 
[corresponding to a diameter of positive carbon 2 r, of negative 
carbon 2 r^, and an arc length 1], are given in Figs. 79 to 82, 
and the numerical values given in Table IV. 

T li 

Fig. 79 gives the curves for — = 2, and the arc lengths, — = 

T At 

0.25; 0.5; 1.0; 2.0, as curves I, II, III, IV. Fig. 80 gives the 

T I 

curves for ~ lengths, — = 0.25; 0.5; 1.0; 2.0, 

as curves I, II, III, IV. Fig. 81 gives the curves for = 0.7, 
and the arc lengths, ^ = 0.25; 0.5; 1.0; 2.0, as curves I, II, III, 
IV. In Fig. 82 are shown, for comparison, the intensity curves 
for 


^ = 2 ; 

~ = 2, as I. 

r ’ 

2r ' 

= 1; 

1, as 11 . 

r 

2r ' 

11 

o 

;^=0.5, as III. 
2 r 


As seen from Fig. 82, a larger shade at greater distance, Z, 
gives approximately the same light flux and a similar distribu- 
tion, but gives a much sharper edge of the shadow, while a smaller 
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Fig. 81. Fig. 82. 





Circular plane as radiator (carbon arc), 
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shade at shorter distance, III, gives a far broader half shadow, 
which extends even to the vertical direction. 

This is illustrated by the distribution of the open arc and the 
enclosed arc in clear globes — that is, without means of diffrac- 
tion or diffusion. In the enclosed arc the distance between the 

electrodes, I, is made larger, since the ratio of radii -i is greater, 

as due to the smaller current the diameter of the radiator, 2r, 
is smaller than in the open arc. The enclosed arc has a much 
sharper edge of the shadow, that is, narrower half shadow, than 
the open arc, thus requiring means of diffusion of the light even 
more than the open arc. 

Where the shade which casts the shadow is rounded, the dis- 
tribution curve is somewhat modified by similar considerations, 
as have been discussed under headings I, class (4). This is fre- 
quently the case where the shadow is cast by the electrodes of an 
arc, and especially so in the carbon arc, in which the negative 
electrode — which casts the shadow — is more or less rounded 
by combustion. 

(2) Circular Plane Concentric with the End of Linear 
Radiator. 

95. This condition is approximately realized by the shadows 
of the electrodes of a luminous arc with vertical electrodes. 

Let, in Fig. 83, 2r^ = diameter of the 
lower electrode, I = length of the linear 
radiator, and 2 w the diameter of the radiator. 
Neglecting first the diameter 2 lu of the radi- 
ator, the part of the radiator which, in the 
direction is shaded, is 

s = cot (f), (18) 

and the reduction factor of the light, or the 
ratio, by which the intensity of light flux of 
the radiator proper (heading I, class (5)), 
I = Iq sin (p, has to be multiplied, is 




Fig. 83, 


= 1 — y cot 


( 20 ) 
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and the light intensity in the direction c/) thus is 
I = g/j, sin (f) 

= /fl “ y cot c/)^ sin (f> 

= /(, ^sin (/) "j (5()H </j^ . 
For values of (f) less than (f)^, where. 


( 21 ) 


tan </jj 


j , 


the light flux is zero, that is, comphd.ci shadow would exist if there 
were no diffusion, (‘t(!. 

If we now consider the diamet(n’, 2 w, of tlu^ radiator, we get 
the same distribution of intcaisity, (fX(!e|)t in the angle 

f/)/< 0 < 0/', 

where 0/ and 0/ is givcai by 


, , , r, ~ w . ^ , ,, r. I w 

tan 0/ - — — and tim (f)" • 

In this narrow angle the light flux fades from tlui value wlue-h it 
has at 0/ --and wliieli is tins saim^ as givtui by (ujuatlon (21) — 
to 0 at 0/, while, when lu^ghMiling 2w, tin; intcmsity would 
become zcs'o at cf>^ by iHiuations (22) and (21). 

As illustrations an; plotttul in Fig. HI and ree.onh'd in Table IV, 
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the distribution of light flux for =0.25; 0.5; 1; 2, as curves I 

II, III, IV, corresponding to an arc length equal to 1 and 
2 times the electrode diameter. 

III. REFLECTION. 

96. As rarely the distribution of intensity and the brilliancy 
of the radiator are- such as desired, reflection, diffraction, and 
diffusion are used to a considerable extent to modify the distribu- 
tion curve and the brilliancy of the radiator. 

Reflection may be irregular or regular reflection. In irregular 
reflection, the light impinging on the reflector is thrown back 
irregularly in all directions, while in regular reflection the light 
is reflected under the same arigla,.t 3 .nder which it impinges on the 
reflector. The former is illustrated by a piece of chalk or other 
dull white body, the latter by the mirror. 

,A. Irregular Reflection. 

Irregular reflection is used in indirect lighting to secure dif- 
fusion and low intrinsic brilliancy of the light source by throw- 
ing the direct light against the ceiling and illuminating by the 
light reflected from white or light colored, ceilings. In some 
luminous arcs, the so-called flame carbon arc lamps, irregular 
reflection is used to direct most of the light downward by 
using a small circular reflector — usually hollow — immediately 
above the arc, the so-called “economizer.’^ In this case the 
smoke produced by the arc largely deposits on the reflector 
and thereby maintains it of dull white color, the deposit of most 
flame carbons being calcium fluoride and oxide and thus white. 

In irregular reflection, the reflector is a secondary radiator; 
that is, if = that part of the flux of light of the main radiator 
which is intercepted by the reflector, and a = albedo of the 

reflector (that is, the ratio of reflected 
light to impinging light, or the “ef- 
ficiency of the reflector”), the radiator 
is a generator of the light flux 
As an example may be discussed 
the intensity distribution of a vertical 
luminous arc L having a circular 
(irregular) reflector R immediately above the arc, as shown in 
Fig. 85. Let 2 w = angle subtended by the reflector R from 
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i^.;^an(.i iSO'-'w, and.A(^- part 

whi, 

-V)'.:: 


the base of the arc, I the (vertical) length of the arc. The 
radius of the reflector then is = Z tan oj, and the light flux 
intercepted by the reflector is calculated in the manner as dis- 
cussed under heading II, Class (2) ; that is, if is the maximum . 
or horizontal intensity of the arc L, the intensity' in the difec- ‘ 
tion (180 deg. - cj)) will be ^ 

' ]■ = 4 sin (f>. 

The reflector then intercepts Jho- nnt|^1^lgh|^^uxn^^^^ from ■ • 
the radiator L between l^Q’.cle'^'(an(.i\lS0''— ’w, and.dh.^- part q of - 
the light flux isstimg. 'bc\tWten''l80 - ancj, 'Qd deg:, whiqt^ds 
given by '' 

hence, the light flux intensity which is intercepted by the reflec- 
tor is 

«== q' 4 sin (/) 

= 4 (3) 

and the light intensity issuing into space from the main radiator 

7t 

in this angle, - < f/)< (180 — co), is 

4 = (1 — (i) 4 

= 4 ~ tan (0 cos cJ)). (4) 

Therefore the light flux intcircepted l)y the reflector within the 
angle f/> = 0 to f/> = co (or rather, 0 180 deg. to (j) == 180 - co) is 

4>/= 2 rd.jyiiF <!> dej) = 7r4 (^co - 

witliin the angle (J> = co to </> == ^ is 

Ji 

q sin^ cf) dxj) = 2 71-4 tan co I cos </> sin <{> def) 

“ t/w 


= Ttlf^ tan CO 


1 + cos 2 



4 sin 2 CO 
2 ' 


(5) 
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and therefore the total light flux intercepted by the reflector is 
4>. = = 7zI,<o, 

and the reflected light flux, or light flux issuing from the reflector 
as secondary radiator, is 

d >2 = = xl^aco, (g) 

where a = albedo. 

As the reflector is a plane circular radiator, its maximum 
intensity is in the downward direction, and is given under head- 
ing I, class (2), as ^ 

I" = — ^ = I^aco, (7) 

and herefrom follows the intensity of radiation of the secondary 
radiator in any direction < 56 , 

I" = I " cos (f> 

I Q ao) cos i>. (8) 

The total intensity of radiation of main radiator and reflector 
or secondary radiator combined, in the lower hemisphere, or 

for 0 < <j 6 < is 

i = J' + I" = (sin (f) + cico cos 9 S) ; ( 9 ) 

and in the upper hemisphere light flux issues only under the 

angle - < <f> < n — oj, and is 

I = I' = (sin (j> — tan co cos 4>)- (10) 



5 7t 

For = 75 deg. = -—and a = 0.7, the intensity distribution 
is plotted in Fig. 86 and given in Table V. The distribution 




imi&ms 
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curve is of the type characteristic of most flame carbon arc 
lamps. 

Substituting the numerical values in 

(9) gives / = /« (sin <56 + 0.92 cos cf>), 
and in ( 10 ) gives I = (sin 0 - 3.73 cos < 56 ). 

TABLE V. 


6* 

Irregular reflection. 
a = 0.7. 

10 = 75 deg. 

Regular reflection. 
a => 0.7. 

(u, = 60 deg. 

CO 2 =• 85 deg. 

Regular: a = 0.6, 
Irregular; a' = 0.1. 

*^1 “ 60 deg. 

^2 = 85 deg. 

2 r, ^ 

0 

3.68 

0 

0.18 

10 

4.32 

0.70 

0.17 

20 

4.83 

1.47 

0.16 

27 



0 16 

30 

5.19 

2,00 

0.42 

35 



0 80 

40 

5.39 

2.57 

1.19 

45 



1 54 

50 

5.44 

3.06 

1.89 

55 



<?. 23 

60 

5.46 

3.46 

2.55 

65 


4.11 

3.27 

70 

5.02 

4.74 

3.97 

75 

4.82 

5.32 

4.62 

80 

4.58 

5.86 

5.26 

85 

4.30 

6.34 

5.86 

87.5 


5.18 

4.93 

90 

4.00 

4.00 

4.00 

92.5 


2.00 

2.00 

95 

2.68 

0 

0 

100 

1.34 



105 

0 








B. Regular Reflection. 

97. With regular reflection by a polished reflector or mirror 
as used, for instance, in some forms of luminous arcs, the reflector 
is represented by a second radiator, which has the same shape as 
the main radiator and is its image with regard to the plane of the 
reflector. If a is the albedo of the radiator and the maximum 
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intensity of the main radiator, the maximum intensity of the 
virtual or secondary radiator is al^. 

The reflector then cuts out of the light flux of the radiator 
that part intercepted by it, and adds to the light flux that part 
of the (virtual) light flux of the secondary radiator which passes 
through the plane of the reflector. 

As example may be considered the intensity distribution of a 
vertical luminous arc of length I, supplied with a circular ring- 
shaped mirror reflector concentric with and in the plane of the 
top of the arc. Let be the angle subtended by the inner 
the angle subtended by the outer edge of the reflector, from 



the base of the arc, as diagrammatically illustrated in Fig. 87; 
then the intensity of the light flux of the main radiator 

for 0 < (^ <~ 


is ^ h 4>} 

■ and for (11) 

is / = (1 - q^) sin (12) 

where, by (2), 

^2 = tan &>2 cot 4>, (13) 

hence, 

1/ = /(, (sin — tan co^ cos <p), (14) 

and is zero for (f) > x — oj^. 

All the light flux issuing from the main radiator between the 
upper vertical and the angle co^ {0 < 

I' = /(, sin ^ (15) 


is wasted by passing through the central hole in the reflector. 
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71 

Of ths light flux issuing between single Sjnei ” from the upper 
vertical, the part {co^ < < -^ 

h = q,h sin <i> (16) 

is wasted by passing through the hole in the reflector. 


Since, by (13), 


— tan oo^ cot (f>, 

1^ = 1 q tan 0)^ cos 4>, 


for ^ 2 ’ 

All the light flux issuing bcitwcon the upper vertical and the 

r, r . , nQ\ 

/'= Jq sm (j), (ly) 

is received by the reflector, with the ex(!ei)tion of that part which 
passes through the liolo in the rcfioctor. 

7C 

Of the light flux issuing between! angle co.^ and “ from the upper 


vertical, the part 


4- sin f/> 

== /(, tan ci).j. c.os cj), 

TV 

for 0).^< 


is received by the rcvfleci.or, witli tlu^ exce| )tion of that part which 
passes through tlu', hoh'. in tlie ndleevtor. 

The total liglit flux iidensity rOhsdxrt l)y tlie redlector, or the 
useful light flux of th(i virfiual or seu-ondary radiator, tluis is, if 
a = albedo of the rdkuitor, 

Within the angle; ->(!>> ok, from the upi)er vertical, 

Ji 

a - /,) = af, (tan ok,- tan w,) cos cl>; (21) 
within the angle ok, >(/) >o)^ from tin; iH)p(;r vertical, 

I'" = a (/' - I,) = tt/,, (sin c/> ~ tan o;, cos c/)) ; (22) 

and for > cji > 0, 

T"" - a (/' - I') - 0; 


( 23 ) 
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hence, the light intensity of the illuminant, consisting of vertical 
radiator and ring-shaped mirror reflector, for 

0 < <^ < is • 


for 

1= Iq sin 

Wgis 

(24) 

/= 

/'+ F" = /q { (1 + a) sin (f> ~ a tan cos 4>) } ; 

(25 

for 



I = 

F+ r= {sin A- a (tan tan co^ cos ^}; 

(26) 

for 

-< <{>< TC — OJ^ IS 



I = I/= 4 (sin (f>— tan Wg cos 4>), 

(27) 

and for 

95) > TT — (Wg is 



o 

II 


For Wj 

= 60° = ^2=85° = ^!^, and albedo a= 0.7, 

o 36 ’ 

the in- 


tensity distribution is plotted in Fig. 88 and recorded in 
Table V. 



Fig. 88. 


Substituting the numerical values in the foregoing, we have: 

(24) / = /q sin <j>, 

(25) I = Iq (1.7 sin 4> — 1.21 cos (jl), 

(26) 7 = /q (sin ^ + 6.79 cos ^), 

(27) 7 = /q (sin (j) - 11.43 cos 

98. As it is difficult to produce and maintain completely 
regular reflection, usually some irregular reflection is superim- 
posed upon the regular reflection. 

For the irregular reflection, the reflector is a horizontal plane 
radiator. 
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The light flux reflected by a plane circular reflector subtending 
angles w, to by (6), is 

7 r/,a' ^ ( 28 ) 

where a' is the albedo of irregular reflection. 

This light flux gives in the lower hemisphere the maximum 
intensity for ^ 0 as 

I'' I,a' (co^ ~ CO,), ( 29 ) 

and thus the intensity of the irregularly reflected light in the 
direction ^ is 

Zg = h" GOS(f> 

= If,a' (co^ — CO,) cos 4), ( 30 ) 

and this intensity thus adds to that given by equations ( 24 ) to 
( 27 ) in the preceding. 

If some light is obstructed by the shadow of the lower elec- 
trode, then the light intensity of the main radiator, I', in the 

7C 

lower hemisphere within the angle < 9^ < - > is reduced to 

I' = — ~ cos 4^, ( 31 ) 

T 

and becomes zero for cf) < where tan 96^ = y as discussed 

under heading II, class (2), equations (21), (22), where r, is the 
radius of the lower electrode. 

Thus, with a linear radiator of length I, a diameter of the 
lower electrode of 2 a ring-shaped mirror reflector subtending, 
from the base of the arc, the angles co, and co^, and of the albedo 
of regular reflection a and the albedo of irregular reflection a', 
the light intensity distribution within the angle 0 < 9^ < 9^1 is 

I = If,a' {(o^- CO,) cos 96; ( 32 ) 

within cf),< 4> < CO, is 

I = Iq (sin 4> + ~ "1) ~ ■^jl 

within co,< 4> < co^is 

I = Zo|(l + a) sin 


a (iOj - co4) — a ion CO, - y cos ^j; ( 34 ) 
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within 

"2< 4> <^is 



I = Zojsin ^ + 

1 J* — 

a (tan co^ ~ tan cj^) + a' (co^—co^) J 

— Z _ 

cos 

|; (35) 

within 

-< 0 < TT - CJg IS 




I = (sin — tan co^ cos 9S), 


(36) 

and within 

TT — IO2 < 0 < TT is 



/ = 0. 





Fig. 89. 


The distribution curve of, such an illuminant is plotted in 
Fig. 89 and recorded in Table V for the values 

60 deg. == = 85 deg. 

a= 0.60; a' = 0.10, and ?— = 1. 

V 

Substituting the numerical values in the foregoing equations 

,5, =27 deg. 

(32) 1 = 0.044 Zq cos (j), 

(33) I = Iq (sin — 0.456 cos ^), 

(34) I = Iq (1.6 sin (j) — 1.495 cos 4>), 

(35) I = Iq (sin 0 + 5.364 cos 

(36) I = Iq (sin (f) — 11.43 cos 0). 



As comparison is given in Fig. 90 the distribution curve of 
the magnetite arc, which is designed of the type of Fig. 89 
for the purpose of giving more nearly uniform illumination in 
street lighting. 
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IV. DIFFRACTION, DIFFUSION, AND REFRACTION. 

99. Many radiators are of too high a brilliancy to permit 
their use directly in the field of vision when reasonably good 
illumination is desired. A reduction of the brilliancy of the 
illuminant by increasing the size of the virtual radiator thus 
becomes necessary. This is accomplished by surrounding the 
radiator by a diffracting, diffusing, or prismatically refracting 
envelope. 

Diffraction is given by a frosted glass envelope, as a sand 
blasted or etched globe; diffusion by an opal or milk-glass 
globe. The nature of both phenomena is different to a consider- 
able extent, and a frosted globe and an oi)ai globe thus are not 
equivalent in their action on the distribution of the light flux. 
This may be illustrated by Fig. 91. 

Let, in Fig. 91, 1 A, R represent the light-giving radiator, 
for simplicity assumed as a point, and G represent a diffracting 
sheet, as a plate of ground glass. A beam of light, C, issuing 
from the radiator R is, in traversing the diffracting sheet G, 
scattered over an angle, that is, issues as a l)undle of beams D, 
of approximately equal intcuisity in the middle and fading at 
the edges. The direction of the scattcircnl beuxm of light D, that 
is, its center line, is the same as th(^ dinKvtion of tlie imi)inging 
beam C, irrespective of the angle mad(^ by tihe diffracting sheet 
with the direction of the beam. 

Different is the (iffect of diffusion, as l)y a sheet of opal glass, 
shown as G in Fig. 91, 1 B. the main beam of light C 

passes through, as C', without s(iatt(;ring or change of dir(',(‘.tion, 
but with very gixsatly rcKliiced intensity; usually also with a 
change of color to dull red, duo to the grc;at(U’ transi)arency of 
opal glass for long waves. Most of the light, however, is irregu- 
larly reflected in thc^ opal glass, and tlic point or area at wliicjh 
the beam C strikes the slu^iT G IxHiomcjs a secondary radiator 
and radiates the light witli a distribution curve (;orresponding 
to the shape of G, that is, with a maximum intensity at right 
angles to the plane of G, as illustrated in Fig. 91, 1 B. 

A point P thus receives from a radiator R, enclosed by a diffract- 
ing globe G, a pencil of light, as shown in. Fig. 91, 2 A, and from 
the point P the radiator appears as a ball of light, shown densely 
shaded in 3 A, surrounded by a narrow zone of half light, 
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shown lightly shaded, and in the interior of a non~liiniinmi<? nr 
faintly luminous envelope. ^nous or 

If the radiator U is enclosed by a diffusing globe, Fig 91 B2 
the point P receives light from all points of the envelope as 



secondary radiator, and a ray of direct light from the radiator U. 
From the point P the entire globe G thus appears luminous, and 
through it shows faintly the radiating point R, as sketched in 
3B. 

An incandescent-lamp filament in an opal globe thus is clearly 
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but faintly visible, surrounded by a brightly luminous globe, 
while an incandescent filament in a frosted globe appears as a 
ball of light surrounded by a non-luminous or faintly luminous 
globe, but the outline of the filament is not visible.* 

100. The distribution of light flux thus essentially depends 
on the shape of the diffusing envelope, but does not much depend 
on the shape of the diffracting envelope; that is, a diffracting 
envelope leaves the distribution curve of the radiator essentially 
unchanged, and merely smooths it out by averaging the light flux 
over a narrow range of angles, while a diffusing envelope entirely 
changes the distribution curve by substituting the diffusing globe 
as secondary radiator, and leaves only for a small part of the light 
— that of the direct beam C' — the intensity distribution of the 
primary radiator unchanged. 

Thus, for a straight vertical cylindrical envelope surrounding 
a radiator giving the distribution curve shown in Fig. 92, curve I, 



the distribution curve is changed by diffraction (frosted en- 
velope), to that shown in Fig. 92, curve II, but changed to that 
shown by Fig. 92, curve III, by diffusion (opal envelope). The 
latter consists of a curve due to the transmitted light and of the 
same shape as I, and a curve due to the diffused light, or light 
coming from the envelope as secondary radiator. The latter is 
the distribution curve of a vertical cylindrical radiator, as dis- 
cussed under heading I, class (5) . 

The shape of a diffusing envelope thus is of essential importance 

* See photographic illustration on front page. 
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for the distribution of the light intensity, while the shape of the 
diffracting envelope is of less importance. ■ 


TABLE VI. 


4>- 

h- 

Clear globe. 

^0- 

Frosted globe. 

^0- 

Opal globe. 

■1 

5 




5 



■I 

6 

8 

11 

25 

7 

12 



9 

18 

17 

35 

15 

26 



34 

35 

25 

45 

49.6 

43 



50.6 

47.5 

32 

55 

49.6 

48 



47.5 

46 

34.5 

67 

43 

42 


70 

37 

37 

35 

75 

29 

32 



20 

26 

34 

85 

15 

21 



13.5 

17 

32 

95 

13 

14 


100 

12.5 

13 

30.5 

no 

12 

12 

29.5 

120 

11 

11 

27 

130 

9 

9 

24 

140 

6 

7 

20 

150 

0 

2 

15 

160 

0 

0 

10 


It is obvious that frosted glass does not perfectly represent 
diffraction, but some diffusion occurs, especially if the frosting 
is due to etching, less if due to sand-blasting. Opal glass also 
does not give perfect diffusion, but, in the secondary radiation 
issuing from it, the direction of the horizontal or impinging beam 
slightly preponderates. 

101. Regular or prismatic refraction also affords a means of 
decreasing the brilliancy by increasing the size of the virtual 
illuminant, and at the same time permits the control of the 
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intensity distribution. It probably is the most efficient way, 
as involving the least percentage of loss of light flux by absorp- 
tion. 

For instance, by surrounding the radiator i? by a cylindrical 
lens, as shown diagrammatically in Fig. 93, the rays of light may 



be directed into the horizontal (or any other desired) direction, 
and the entire lens then appears luminous, as virtual radiator. 

Usually in this case, instead of a complete lens, individual sec- 
tions thereof are used, as prisms, as shown in Fig. 94, and this 


L L 



method of light control thus called “prismatic refraction,’' or, 
where the light does not pass through, but is reflected and turned 
back from the back of the prism, “prismatic reflection.” 

Such prismatically reflecting or refracting envelopes and shades 
have found an extensive use. 



LECTURE XI. 

LIGHT INTENSITY AND ILLUMINATION. 


A; INTENSITY CURVES FOR UNIFORM 
ILLUMINATION. 

102. The distribution of the light flux in space, and thus the 
illumination, depends on the location of the light sources, and on 
their distribution curves. The character of the required illumi- 
nation depends on the purpose for which it is hsed : a general 
illumination of low and approximately uniform intensity for street 
lighting; a general illumination of uniform high intensity in 
meeting- rooms, etc.; a local illumination of fairly high intensity 
at the reading-table, work bench, etc. ; or combinations thereof, 
as, in domestic lighting, a general illumination of moderate inten- 
sity, combined with a local illumination of high intensity. Even 
the local illumination, however, within the illuminated area 
usually should be as uniform as possible, and the study of the 
requirements for producing uniformity of illumination either 
throughout or over a limited area thus is one of the main prob- 
lems of illuminating engineering. 

The total intensity of illumination, ^, at any point in space is 
proportional to the light intensity, 7, of the beam reaching this 
point, and inversely proportional to the square of the distance 
I of the point from the effective center of the light source : 



If the beam of light makes the angle (f) wifhi the vertical 
direction, the illumination, f, is thus in the direction the 
horizontal illumination, that is, the illumination of a horizontal 
plane (as the surface of a table) , is 


7 cos <j> 
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and the vertical illumination, that is, the illumination of a vertical 
plane (as the sides of a room), is 

... I sin cj) 

^ sin 0 = • (3) 

If, then, in Fig. 95, L is a light source at a distance l„ above 
a horizontal plane P, then, for a point A at the horizontal dis- 



tance Ih from the lamp, L (that is, the distance from the point 
B of the plane P, vertically below the lamp L), we have: 

tan 9 ^) = ^ ; (4) 

L, 


and the distance of the point A from the light is 

^ 1 ! 


AL 


cos ^ 


hence, the total illumination at point A is 

I COS^ 0 . 


I = 


/ 2 


the horizontal illumination is 


(5) 

( 6 ) 


H 


I COS® 4> 

~U~' 


and the vertical illumination is 

I cos® 6 sin 6 

= — u — 


(7) 

(8) 


where I is the intensity of the light source in the direc- 
tion cf). 

Inversely, to produce a uniform total illumination, i^^, on the 
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horizontal plane P, the intensity of the light source must vary 
with the angle </> according to the equation (6) : 


or, if we denote by the vertical, or downward, intensity of 
the light source. 


hence. 


/ 7 2 . 


(10) 


I = 


h 

cos^ 4 > 


( 11 ) 


gives the intensity distribution of the light source required to 
produce uniform total illumination \ on a horizontal plane be- 
neath the light. 

In the same manner follows from (7) and (8) : 

To produce uniform horizontal illumination on a plane P 

beneath the light source L, the intensity curve of the light source 
is given by 


1 = 



( 12 ) 


and, to produce uniform vertical illumination of objects in 
the plane P beneath the light source L, 


/ = 


cos^ cji sin (j) 


(13) 


Where the objects in the plane P which are to be illuminated 
may have different shapes — as on a dining-table, work bench, 
etc., uniformity of the total illumination, i, is desirable; where 
all the objects which shall be illuminated are horizontal — as 
the surace of a drafting-board — constancy of the horizontal 
illumination \ is desirable, while where vertical objects are to be 
illuminated — as, for instance, to read labels on bottles — con- 
stancy of the vertical illumination % is desirable. 

By ‘'horizontal illumination” 4 is here understood the illumi- 
nation of a horizontal plane, which is due to the vertical compo- 
nent of the total light flux, while the “vertical illumination” 
iv is the illumination of a vertical plane, due to the horizontal 
component of the light flux. 


■Mtm 
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In Fig. 96, the intensity curves of the light source required 
to give uniform total illumination (11) in a horizontal plane 
are plotted as curves I, II and III; the intensity distribution 
for uniform horizontal illumination (12) is plotted as curve 
IV, and the intensity distribution for uniform vertical illumina- 
tion (13) in the horizontal plane beneath the light source 
is plotted as curve V. For convenience, curves IV and V are 
shown in the upper half of the diagram. The numerical values 
forZ^ = 1 are recorded in Table I. With increasing angle (j>, 
the required intensity increases very rapidly, and, as is obvious, 
becomes infinite for ^ == 90 deg. 


TABLE I.— (Figs. 95 and 96.) 

UNIFORM DISTRIBUTION ILLUMINATION CURVES. 




Total. 

Horizontal. 

Vertical. 

degrees. 

cos <ji. 

1 

1 

1 






COS^ <jl 

cos® 

sin 4> cos® ^ 

0 

1 

1 

1 

00 

5 

996 

1.01 



10 

985 

1.03 


5.90 

15 

966 

1.07 

1.11 


20 

940 

1.13 

1.20 


25 

906 

1.22 

1.35 

2.88 

30 

866 


1.54 

2.66 

35 

819 


1.82 

2.59 

40 

766 


2.22 

2.64 

45 

707 


2.83 

2.83 

50 

643 


3.73 

3.17 

55 

574 


5.27 

3.70 

60 

500 



4.60 

65 

423 

5.59 


6.16 

70 

342 

8.35 

24.4 

8.90 

75 

259 

15.10 

.58.3 

15.60 

80 

174 

33.00 



85 

087 

132.00 


133.00 

90 

0 

00 


00 


103. Therefore, in the problem, as it is usually met, of pro- 
ducing uniform intensity over a limited area, subtending angle 
2 (o beneath the light source, the intensity of the light source 
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should follow (11) for 0 < (/> < oj. Beyond 4> = co, the intensity 
may rapidly decrease to zero — as would be most economical, if 
no light is required beyond the area subtended by angle 2 w. 
This, for instance, is the case with the concentrated lighting of a 
table, etc. However, the intensity beyond (f) = co may follow a 
different curve, to satisfy some other requirements, for instance, 
to produce uniform illumination in a vertical plane. Thus in 
domestic lighting, for the general uniform illumination of a room 
by a single illuminant, the intensity curve would follow equation 
(11) up to the angle o) — if 2 oj is the angle subtended by the floor 
of the room from the light source — and for (j> > co the intensity 
curve would follow the equation. 


1 = 


sin^ (ji 


(14) 


which gives uniform illumination in the vertical plane, that is, of 
the walls of the room. 

In Fig. 98 are shown intensity curves of a light sourc.o giving 
uniform illumination in tlie horizontal plane beneath thci lamp, 
from 0 to 0 ), and the same uniform illumination in the vertical 
plane from c/) = w to 0 == 90 deg., as diagrammatically shown in 
Fig. 97; that is, uniform illiiinination of the floor of a room 
and (approximately) its walls, l)y a lamp lo(!at(Hl in the center 
of the coiling, where to is tin; (average) angle between the 
verticsal and the dirt;ction from the larni) to th(3 (xlge of tlu', 
floor : 


I for io = 30 deg.; or diarnetcvr of floor height of walls — 

2 tan 30 deg. = 1.15. 

V 3 

II for 10 = 45 deg.; or diameter of floor -s heiglit of walls 

2 tan 45 deg. = 2. 

III for a) = 60 deg.; or diameter of floor height of walls == 

2 tan 00 deg. == 2 \/3 == 3.46. 

IV for w = 75 deg.; or diameter of floor s- height of walls ^ 

2 tan 75 deg. = 7.46. 

These curves are drawn for the same total flux of light in the 
lower hemisphere, namely, 250 mean hemispherical candle power; 
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or, 1570 lumens. The vertical or downward intensities I are 
in this case : “ 

I : w = 30 deg. ; = 428 cp. 

II : w = 45 deg. ; 4 = 195 cp. 

Ill : a> = 60 deg. ; 7^ = 95 cp, 

IV: w = 75 deg.; 7^ = 41.5 cp. 

The values are recorded in Table II, in column I, for equal 
downward candle power 7^, and in column a, for equal light flux, 
corresponding to 1 mean hemispherical candle power. 


TABLE 11. — (Figs. 97 to 99.) INTENSITY CURVES. 

Uniform illumination from vertical ^6 = 0 to = « degrees from verti- 
cal, and 

(a) Uniform illumination (on vertical plane) from ^ = w to horizontal 
</> = 90 deg. 

(b) No illumination beyond <f> — w. 

Lo for unity illumination at 0 = 0. 

0 and b for mean hemispherical candle power 1, or 2 tt lumens. 


iL 

It) 

= 30 deg. 

0) = 

= 46 deg. 

0) 

= 60 deg. 

0) : 

= 75 deg. 


h- 

a. 

b. 

lo- 

a. 

b. 

L- 

a. 

5. 

L- 

a. 

6. 

0 

1.00 

1.71 

3.73 

1.00 

0.78 

1.57 

1.00 

0.38 

0.67 

1.00 

0.166 

0.222 

5 

1.01 

1.72 

3.76 

1.01 

0.79 

1.58 

1.01 

0.385 

0.67 

1.01 

0.168 

0.224 

10 

1.03 

1.76 

3.83 

1.03 

0.80 

1.62 

1.03 

0.39 

0.685 

1.03 

0.172 

0.229 

15 

1.07 

1.83 

3.98 

1.07 

0.83 

1.68 

1.07 

0.41 

0.71 

1.07 

0.178 

0.237 

20 

1.13 

1.93 

4.20 

1.13 

0.88 

1.77 

1.13 

0.43 

0.75 

1.13 

0.188 

0.251 

25 

1.17 

2.00 

4.35 

1.22 

0.95 

1.99 

1.22 

0.465 

0.81 

1.22 

0.203 

0.271 

30 

1.20 

2.05 

4.47 

1.33 

1.03 

2.08 

1.33 

0.51 

0.89 

1.33 

0.221 

0.295 

35 

1.01 

1.73 

3.57 

1.49 

1.16 

2.33 

1.49 

0.57 

0.99 

1.49 

0.248 

0.331 

40 

0.81 

1.38 

2.24 

1.70 

1.32 

2.66 

1.70 

0.65 

1.13 

1.70 

0.283 

0.377 

45 

0.67 

1.14 

0.57 

1.80 

1.40 

2.85 

2.00 

0.76 

1.34 

2.00 

0.333 

0.445 

50 

0.57 

0.98 

0 

1.70 

1.32 

2.50 

2.43 

0.93 

1.62 

2.43 

0.405 

0.540 

55 

0.50 

0.85 


1.49 

1.16 

1.10 

3.03 

1.16 

2.02 

3.03 

0.504 

0.672 

60 

0.44 

0.75 


1.33 

1.03 

0.31 

3.60 

1.37 

2.40 

4;00 

0.665 

0.887 

65 

0.41 

0.70 


1.22 

0.95 

0 

3.51 

1.34 

2.00 

5.59 

0.930 

1.24 

70 

0.38 

0.65 


1.13 

0.88 


3.39 

1.29 

0.80 

8.35 

1.39 

1.86 

75 

0.36 

0.61 


1.07 

0.83 


3.21 

1.22 

0.20 

12.80 

2.13 

2 -.85 

80 

0.34 

0.58 


1.03 

0.80 


3 09 

1 18 

0 

12.40 

2.07 

2.11 

85 

0.34 

0.58 


1.01 

0.79 


3.03 

1.16 

12.10 

2.02 

0.67 

90 

0.33 

0.57 


1.00 

0.78 


3.00 

1.14 


12.00 

2.00 

0.11 
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light intensity and illumination. 

These curves in Fig. 98 consist of a middle branch, giving uni- 
form floor illumination, and two side branches, giving uniform 
side illumination, and are rounded off where the branches join. 



Fig. 99 gives the intensity curves for the same angles, oj = 30, 
45, 60, and 75 deg., for uniform illumination only in the hori- 



zontal plane beneath the lamp, but no illumination beyond 
this; for > co, the light flux rapidly decreases. 

The curves in Fig. 99 are also plotted for equal total light flux, 
of 150 mean hemispherical candle power, or 940 lumens. The 
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curve, 0, giving (approximately) uniform illumination an 

angle of 20 deg., or for oj = 10 deg., is added to the set ; th-is ve, 
however, is plotted for one-tenth the light flux of tli-O other 
curves, 94 lumens, or 15 mean hemispherical candle powor*- 

The vertical or downward intensities are in this caBO, for 
equal light flux of 940 lumens : 

I : w = 30 deg. ; /(, = 500 cp. 

II : w = 45 deg. ; = 235 cp. 

Ill : w = 60 deg. ; = 100 cp. 

IV: oj = 75 deg.; 1^ = 25 cp. 

0: w = 10 deg.; /(, = 7000 cp. 

Fig. 99 best illustrates the misleading nature of the polaui* dia- 
gram of light intensities. It is hard to realize from the app rmnco 
of Fig. 99 that curves I, II, III and IV represent the saiYxo light 
flux, and curve 0 one-tenth the light flux, that is, littlo more 
than half the light flux of a 16-cp. lamp. 

Curve 0, however, illustrates that enormous light intoiiBitics 
can be produced with very little light flux, if the light flux is 
concentrated into a sufficiently narrow beam. This o>cpiiiins 
the enormous light intensities given by search-light bea-iiiB : for 
(0 = 1 deg., or a concentration of the light flux into an of 

2 deg. — which is about the angle of divergency of the beixn i * »f a 
good search light — we would get 1 = 700,000 cp. in the 1 team, 
with 15 mean hemispherical, or 7.5 mean spherical, candles j ** » wer 
light source; and a light source of 9000 mean spherical c’^iudlo 
power — a 160-ampere 60-volt arc — would thus, when 
trated into a search-light beam of 2 deg., have an intensity in flit* 
beam of Zq = 210 million candle power, when allowing 75 ]>(*r <*cnt 
loss of light flux, that is, assuming that only 25 per cent i if flu* 
light flux is concentrated in the beam. 

The numerical values of Fig. 99 are given as h in Tables I I , for 
equal light flux corresponding to 1 mean spherical candle j >« i wer. 

B. STREET ILLUMINATION BY ARCS. 

104. To produce uniform illumination in a plane Ixcnteafli 
the illuminant, a certain intensity distribution curve is re< ji lircil, 
as discussed in A ; for other problems of illumination, corresi j nitl- 
ingly different intensity curves would be needed to tht* 

desired illumination. 


light intensity and illumination. 
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It is not feasible to produce economically any desired distribu- 
tion curve of a given illuminant. Therefore, the problem of 
illuminating engineering is to determine, from the purpose for 
which the illumination is used, the required distribution of illu- 
mination, and herefrom derive the intensity curve of the illumi- 
nant which would give this illumination. Then from the existing 
industrial illuminants, or rather from those which are available 
for the particular purpose, that is selected whose intensity dis- 
tribution curve approaches nearest to the requirements, and 
from the actual intensity curve of this illuminant the illumination 
which it would give is calculated, so as to determine how near it 
fulfils the requirements. 

The intensity curve of the illuminant, required to give the 
desired illumination, depends on the location of the illuminant 
and the number of illuminants used. Thus if, with a chosen 
location and number of light sources, no industrial illuminant 
can be found which approaches the desired intensity curve 
sufficiently to give a fair approach to the desired illumination, 
a different location, or different number of light sources would 
have to be tried. Here, as in all engineering designs which 
involve a large number of independent variables, judgment 
based on experience must guide the selection. If so, practically 
always some industrially available illuminant can be found 
which sufficiently approaches the intensity curve required by 
the desired illumination. 

As example may be discussed the problem of street lighting. 

This problem is: with a minimum expenditure of light flux — 
that is, at minimum cost— to produce over the entire street a 
sufficient illumination. This illumination may be fairly low, 
and must be low, for economic reasons, where many miles of 
streets in sparsely settled districts have to be illuminated. 
This requires as nearly uniform iHumination as possible, since 
the minimum illumination must be sufficient to see by, and any 
excess above this represents not only a waste of light flux, but, 
if the excess is great, it reduces the effectiveness of the illumina- 
tion at the places, where the intensity is lower, by the glare of 
the spots of high illumination. 

Uniformity of street illumination thus is of special importance 
where the illumination must for economic reasons be low; while 
in the centers of large cities, or in densely populated districts, 
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as European cities, the relatively small mileage of streets per 
thousand inhabitants economically permits the use of far greater 
light fluxes, and then uniformity, while still desirable, becomes 
less essential. 

TABLE III — (Figs, 100 and 101.) 


Intensity: 100 m. sph. cp. 


Illumination: 200 m. sph. cp.;ly= 20 


enclosed enclosed Magnetite Distance, enclosed enclosed Magnetite 


carbon carbon arc. 

arc. arc. Clear 

Clear inner Opal inner globe 
globe. globe. 



Clear inner Opal inner globe, 
globe. globe. 


22.5 29.5X10-2 

24.6 30.5 

33.0 31.0 

42.5 31.0 

44.5 30.5 

40.5 29.5 

35.5 28.0 

30.5 26.0 

25.5 23.5 

21.5 21.5 

18.0 19.0 

13.0 15.0 

9.5 12.0 

7.0 9.5 

5.5 7.5 


0.3 0.5 
0.1 0.3 
0.1 0.2 


The arc, as the most economical illuminant, is mostly used 
for street lighting. Fig. 100 gives the average intensity curves 


" 1 '": •• :.^.--^.=._w-^:....„■ ; :.. 
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of three typical arcs for equal light flux of 200 mean spherical 
candle power; 


■ 

■ 

i 

B 


I 

t 

1 

i 

i 

I 

I 

S 

1 

i 



i 

9 






i 


Fig, 100. 


I. The direct-current enclosed carbon arc, with clear inner 
globe; a curve of the character discussed in Fig. 82. 11. The 
direct-current enclosed carbon arc, with opal inner globe: a 



Fig. 101. 


curve of the character discussed in Fig. 92. III. The magnetite 
arc or luminous arc, with clear globe: a curve of the character 
discussed in Fig. 89. The numerical values are recorded in 
Table III, per 100 mean spherical candle power. 
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Herefrom then follows, by equations ( 6 ) and ( 4 ), the (total) 
intensity, ^, in a horizontal plane beneath the lamp, at the 
horizontal distance 4 from the lamp, where 4 is the height 
of the lamp above this plane (the street). 

These values of illumination, ^, are plotted, with x = - as ab- 
scissas, in Fig. 101 and recorded in Table III for = 20 and 
lamps of 200 mean spherical candle power. 

105. With lamps placed at equal distances 4^, and equal 



heights as shown diagrammatically in Fig. 102, the illumina- 
tion of any point A of the street surface is due to the light flux 
of a number of lamps, and not only to the two lamps 1 and 2 , 
between which the point A is situated. As, however, the illumi- 
nation rapidly decreases with the distance from the lamp, it is 
sufficient to consider only the four lamps nearest to the point A. 

The illumination of a point A of the street surface, at a horizon- 
tal distance Z;, from a lamp, 1 , then is : 

• ^ \ -I- -1- ■Zg -I- ii, (15) 

where \ are the illumination due to the lamps 1 , 2 , 3 , 4 , 

respectively. 

Let _ and ^ = (16) 

then the directions under which point A receives light are given 
by: 

tan (j>^ = X, 
tan = p — X, 

tan 03 = p + X, 
tan = 2 p — X, 


( 17 ) 
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j 

I 

I 


light intensity and illumination. 


and 




Iv COS^ cpi 


•^2 

COS^ 4>2 


( 18 ) 


ly^ COS^ j 

where intensities of the light source in the 

respective directions (l\, 03 , 04 . 



Herefrom are calculated the illumination, i, plotted in Figs. 103 
and 104 and recorded in Table IV for ly = 20 ft. ; p = 5, hence 
- 100 ft., Fig. 103, and p - 10, hence k, = 200 ft.. Fig. 104, 
for equal light flux of 200 mean spherical candle power per lamp. 

As seen, with the same light flux per lamp, the distribution 
curve III of Fig. 100 gives the highest and the curve I the lowest 
intensity at the minimum point midways between the lamps, 
while inversely I gives the highest and III the lowest intensity 
near the lamp ; that is, I, the carbon arc with clear inner globe, 
gives the least uniform, and III, the luminous arc, the most uni- 
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form, illumination, while the carbon arc with opal inner globe, 
II, stands intermediate. 

TABLE IV. — (Figs. 101 to 106.) STREET ILLUMINATION. 
i — ii + "ia "F % 4- L- 


tan ij>i = X X = ~ <l >3 ~ p + X 

tan <l >2 = p — X Iv tan = 2 p — x ^ ~ 7^' 



Equal light flux per lamp. 

Equal illumination at minimum. 

X. 

P = 10. 

p = 5. 

2> = 10. 

P = 5. 


a. 

b. 

c. 

a. 

b. 

c. 

a. 

b. 

c. 

a. 


b. 

c. 

0 

15.8 

23.7 

31.7 

20 

29 

41.5 

38 

35 

31 

8 

10 

12. 1“2 

0.2 

22.8 

25.7 

32.7 

27 

31 

42.5 

54 

38 

32 

11 

11 

12.3 

0.4 

46.8 

34.7 

33.5 

51 

40 

43 

111 

52 

32.7 

20 

14 

12.5 

0.6 

74 

44 

33.5 

78 

50 . 

43 

176 

66 

32.7 

31 

17 

12.5 

0.8 

74 

46 

33 

78 

52 

43 

176 

69 

32.3 

31 

18 

12.5 

1.0 

68 

42 

32 

72.5 

48 

42.5 

162 

63 

31.4 

29 

17 

12.3 

1.2 

54 

37 

30.5 

59 

43 

41.5 

128 

55 

30 

24 

15 

12.1 

1.4 

40 

32 

29 

45 

38.5 

40.5 

95 

48 

28.4 

18 

13 

11.8 

1.6 

32 

27 

26.5 

37 

35 

39 

76 

40 

26 

15 

12 

11.3 

1.8 

26 

23 

24.5 

32 

32.5 

37.5 

62 

34 

24 

13 

11 

11 

2.0 

20 

19.5 

22 

29 

30 

36 

48 

29 

22 

11.6 

10.4 

10.5 

2.5 

12.7 

14.6 

18 

25 

29 

34.5 

30 

22 

18 

10 

10 

10 

3.0 

8.2 

11,3 

15 




20 

17 

15 






3.5 

6.3 

9 

13 




15 

13.5 

13 





4.0 

4.9 

8 

11.5 




12 

12 

11 





5.0 

4.2 

6.7 

10.2 




10 

10 

10 















Eatio of minimum intensities. 

Ratio of total light fluxes. 


1 

1.60 

2.43 

1 

1.16 

1.38 

H9 

3.75 

2.45 


3.45 

2.90 



■ 

1.53 

1.00 

1.38 

1.19 









Ratio of maximum to min. ilium. 












1 

1.8 

1.25 


The ratio of maximum to minimum illumination is : 




p = 10 

p = 5 

I. 

Carbon arc with clear globe : 

“17.6 

3.1 

11. 

Carbon arc with opal globe: 

6.9 

1.8 

III. 

Luminous, or magnetite, arc : 

3.3 

1.25 
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As seen, lower values of p, that is, either shorter distances 
between the lamps, or greater elevation of the lamps above the 
street surface, give a more uniform illumination, so that, for 
p = 5, III gives only 25 per cent intensity variation, while, for 
p = 10, I gives a very unsatisfactory illumination, alternating 
darkness and blinding glare. 



In Figs. 105 and 106 are plotted, and recorded in Table III, the 
illuminations for equal minimum intensity midways between the 
lamps, and for equal distances = 200 ft., between the lamps, 
for 

p = 5, or Zy = 40 ft. height above the street level, Fig. 105. 
p = 10, or Zy = 20 ft. height above the street level. Fig. 106. 

To produce this minimum intensity of 0.1 candle feet, with 
200 feet distance between the lamps, would require the following 
mean spherical candle powers : 

p = 10, or Zv = 20 ft.; p = 5, or Z„ = 40 ft. 


I. 

Carbon arc with clear globe : 

1190 

800 

II. 

Carbon arc with opal globe : 

750 

690 

III. 

Magnetite arc : 

490 

580 




,1 

1 ' 
l,l 1 
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It is interesting to note the great difference in the light flux 
required to produce the same minimum illumination, for the 
three distribution curves. 

The carbon arc gains in efflciency and in uniformity of illumi- 
nation by increasing the elevation from 20 to 40 ft., while the 
magnetite arc loses in efficiency — due to the greater distance 
from the illuminated surfaces — but makes up for this by the 
gain in uniformity of illumination. 


0. ROOM ILLUMINATION BY INCANDESCENT 

LAMPS. 

106. Let Fig. 107 represent the, intensity distribution of an 
incandescent lamp with reflector, suitably designed for approxi- 
mately uniform illumination in a horizontal plane below the 
lamp. Such a distribution curve can, for instance, be produced 



Fig. 107. 


by a spiral filament F (Fig. 108) located eccentric in a spher- 
ical globe G, of which the upper part is clear glass and covered 
by a closely attached mirror reflector R, while the lower part 
is frosted, as' shown diagrammatically in Fig. 108. 

With this arrangement, half of the light flux issues directly, 
with approximately uniform intensity in the lower hemisphere, 
from 4> = 0 to (p = and with gradually decreasing intensity 
from ^ to 0 at 0 = cj)^. The other half of the light flux is 
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reflected from the mirror, and, due to the eccentric location of the 
filament, the reflected rays are collected into an angle of about 
45 deg. from the vertical, and cross each other, thereby producing 
the intensity maximum 
at (f) = SO deg. The 
intrinsic brilliancy is 
sufficiently reduced, 
and the distribution 
curve smoothed out, 
by the frosting of the 
globe as far as not cov- 
ered by the reflector. 

The light in the upper 
hemisphere beyond 
<f) = <f)^ then is only 
that reflected by the 
frosting. 

The numerical val- 
ues of intensity of Fig. 

107 are recorded in 
Table V. 

The mean spherical 
candle power of the 
lamp is 12.93, or 103 
lumens ; the mean can- 
dle power in the lower 
hemisphere is 20.20, or 
127 lumens, and the mean candle power in the upper hemi- 
sphere is 5. Of), or 3() lumens. 

Table V gives the distribution of illumination i in a horizontal 
plane beneath and abov(i the lamp, for different horizontal 
distances 4 and the vertical distance U = b by equation (6), 
and the horizontal illumination by equation (7), as discussed 
in A. These are plotted in Fig. 109, for the lower hemisphere 
in the lower, for the upper hemisphere in the upper, curve. 

Assuming now that a room of 24 ft. by 24 ft. and 10 ft. high 
is to be illuminated by four such lamps, located 6 inches below 
the ceiling in such a manner as to give as nearly as possible 
uniform illumination in a plane 2.5 ft. above the floor (the height 
of table, etc.). 
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TABLE V. — (Figs. 107 to 109.) 


21. 

,0 

22, 

,2 

24. 

,5 

26, 

.3 

25, 

.5 

22, 

.5 

20, 

,0 

19, 

,0 

18, 

,0 


Ih 

i = 

I 


tan 6, 

COS^0 




9.6 5.671 


8 . 


Ih 

COS^9b I ^ I COS-0 


21.0 0 21.0 

21.3 0.1 21.25 

20.4 0.2 21.55 21.3 

17.0 0.3 21.8 21.0 

11.5 0.4 21.6 20.0 

6.0 0.5 20.8 18.5 

2.5 0.6 19.4 16.5 

1.44 0.7 17.7 14.3 

0.74 0.8 15.8 12.3 


0.29 0.9 13.9 

0.08 1.0 12.2 

0.01 1.1 10.6 


hemisphere) . 


1.2 9.2 6.0 

1.3 6.1 5.1 

1.4 7.2 4.2 

1.5 6.45 3.55 

1.6 5.8 3.1 

1.7 5.2 2.65 


2.55 1.0 

1.8 0.6 
1.33 0.37 

1.0 0.25 

0.8 0.18 
0.67 0.13 


As the illumination in the space between the lamps is due 
to several lamps and thus is higher than that at the same horizon- 
tal distance outside of a lamp, for approximate uniformity 
of illumination, the distance between the lamps must be con- 
siderably greater than twice their distance from the side walls 
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TABLE V. — (Figs. 107 to 109.) 



As the illumination in the space between the lamps is due 
to several lamps and thus is higher than that at the same horizon- 
tal distance outside of a lamp, for approximate uniformity 
of illumination, the distance between the lamps must be con- 
siderably greater than twice their distance from the side walls 
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of the room. Locating thus the lamps, as shown diagrammati- ■ 
cally in Fig. 110, at 5 ft. from the side walls and 14 ft. from each 
other, the (total) illumination in the lines A, B, C, D in the 
test plane 2.5 ft. above the floor is calculated. As this plane is 
7 ft. beneath the lamps, first the illumination curve in a plane 
7 ft. beneath the lamp is derived from that in Fig. 109, by 
dividing the ordinates by 7^ = 49, and multiplying the abscissas 
by 7. It is given in Fig. 111. 



Fig. 111. 


The illumination, i, at any point, P, then is derived by adding 
the illumination %, id of the four lamps a, b, c, d, taken 
from curve in Fig. Ill for the horizontal distances of point P 
from the lamps : 4^. These component illuminations 

are plotted in Figs. 112 to 115; as A^,, A„ Aa in Fig. 112; as 
Ba, Bb in Fig. 113, etc., and their numerical values, in thousandths 
of candle feet, recorded in Table VI. In Fig. 116 are shown 
the four curves of the resultant direct illumination, superim- 
posed upon each other. 

107. To this direct illumination is to be added the diffused 
illumination G resulting from reflection by ceiling and walls. 

Let: Uj = 0.75 = albedo of ceiling;! 

= 0.4 = albedo of walls; J ^ ^ 

while the floor may be assumed as giving no appreciable reflec- 
tion : a = 0. The diffused light, then, may be approximated 
as follows : 

The ceiling receives as direct light the light issuing in the upper 
hemisphere, or 36 lumens per lamp, thus a total of 

Lj == 4 X 36 = 144 lumens, (20) 
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TABLE VI. — (Figs. 110 to 116.) 



and also reoeivcis sonic reflected light from the walls. Thus, 
if = total liglit flux rec.eived by the ceiling, and = total 
light flux received by the walls, the light flux received by the 
ceiling is 

^fh “1“ (21) 

where fig is that fraction of the light flux issuing from the walls, 
which is received by the ceiling. 

And the light reflected from the ceiling thus is : 

d>/ = - a, (L, -|- (22) 

The walls receive as direct light the light issuing from the 
lamps in the lower hemisphere, between the horizontal, = 90 
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deg., and the direction, ^ = oj (Fig. 110), from the lamp to the 
lower edge of the walls. This angle w varies, and averages 
30 deg. for that half of the circumference, PQR (Fig. HQ), at 
which the walls are nearest, and 60 deg. for that half RSTUP 
for which the walls are farthest, from the lamp. Hence the 



light flux received by the walls as directed light, from each lamp, 
is 


j f»00O pQ0° 

I sin €> d4> -h - / 1 sin = 83 lumens ; 

30 ° Zo ..o 


2 /»00O 
2 


(23) 


or, a total of L = 4 X 83 = 332 lumens. 


(24) 
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In addition hereto, the walls receive some of the light flux 
reflected by the ceiling. The total light received by the walls 
thus is : 

% = L, + (26) 

where \ is that fraction of the light flux issuing from the ceiling, 
which is received by the walls. 



And the light reflected from the walls thus is: 

<!>,/ = a/I>2 = (Lj -I- (26) 

It thus remains to (lalculate the numerical values of and b^. 
Of the light itifiected by the ceiling as secondary generator, 
<&/, a part is obstructed by the floor, a part received by the walls. 
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The floor is a square plane, of the same size, 24 by 24 ft as the 
radiator, that is, the ceiling, and at the distance 10. The light 
intercepted by the floor can thus approximately be calculated 
as discussed in Lecture X, II, 1, Fig. 75, for circular radiator 
and circular shades, by replacing the quadratic shade and radia- 
tor by circular shades of the same area, rV = 24^, and r = 

13.5, at the same distance I - 10, hence of the ratio ; - = 0.74. 

Calculated as discussed in Lecture X, II, 1, the floor^receives 
55 per cent and the walls 45 per cent of the light reflected by the 
ceihng. 

Assuming, approximately, that the walls receive the same 
percentage of the light reflected from the ceiling, as the ceiling 
receives of the light reflected from the walls, or 


^2 

equations (21) and (25) become: 


(27) 


hence. 


= L,-t- 

^2 = ^ 2 + 

It 

cp = 

^ 1 T b^\a^’ 


and the light reflected from the ceiling is 


(28) 

(29) 

(30) 






2 . 


^ 1 T b^^d^d^^ 
the light reflected from the walls is 

^ L^ T b^^^L^ 


(p ' 
^2 


T *^2 


^ 1 T b^dNi>2 
hence, substituting the numerical values : 


(30) 


= 146 lumens and = 144 lumens 

are the values of light reflected from the ceiling and from the 
walls respectively. 

Of that from the ceiling, the floor receives (1 — 6^) = 0.55, 
and of that from the walls, the floor receives 6^ = 0.45; hence. 
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the diffused light on the floor plane, and thus also, sufficiently 
approximate, on the test plane 2.5 ft. above the floor, is 
cl>„= (1 -6,)d>/+6,ci>/ 

= 145 lumens, 

and as this plane contains = 576 sq. ft,, the flux of diffused 
light per square foot in the test plane, or the diffuse illumination, 

4 > 

is L = -~ = 0.250 foot-candle. 


■aiBaMMBBsas 



Fig. H6. 


108. Adding tliis diffuse illumination, shown as G, to the 
directed illumination, givc's tlio total illumination, i, shown 
as A, B, C, D in Figs. 112 to 115, and recorded in Table VI. 

From these curv(\s arc takcai the values of the distance. 
Table VII, at which the total illumination passes 0.600; 0.650; 
0.700, etc., foot-candle, and plotted in Fig. 117. The points of 
equal illumination, tlien, art; (ionnected by curves, and thus 
give what may l:)e (ialkul equi-luminous curves, or equi-potential 
curves of illumination. 

These equi-luminous curves are plotted for every 0.05 foot- 
candle, except that the curves 0.875 and 0.925 are added in 
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dottGcl lines. As seen, tlie illuminSition is 8; minitnum of 0 600 
in the corners of the room and a maximum of 0.950 at a point 
between the lamps and the center of the room, and is between 
0.800 and 0.950 everywhere except close to the edges of the 
room. 



TABLE VII.- (Fig. 117.) EQUI- POTENTIAL CURVES. 
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The direct light, which reaches the test plane, 2.5 ft. above 
the floor, as directed light from the lamps, issues within the angle 
from the vertical, (j) = 0, up to from ^ = 40 deg. to 96 = 70 
deg., and is 75 lumens per lamp; or, a total of directed light in 
the test plane of 4 X 75 = 300 lumens. The diffused light in 
the test plane is 576 X 0.25 = 144 lumens, and the total light 
in the test plane thus is 444 lumens; while the total light 
issuing from the four lamps is 4 X 163 = 652 lumens, giving an 

444 

efficiency of illumination of = 0 . 68 ; or, 68 per cent: the 

444 

average horizontal illumination in the test plane is ^ 

770; while the average total illumination,- from Fig. 117, is 
about 870. The difference is due to the varying direction 
in which the directed light traverses the test plane. 

Measurement of the illumination of a room by illuminometer, 
to give correct values, thus must take in consideration the 
different directions in which the light traverses every point; 
by 'measuring the light flux intercepted by a horizontal sur- 
face, the result represents only the horizontal illumination, 
and not the total illumination at the point measured, and 
therefore frequently does not represent the illuminating value 
of the light. 

D. HORIZONTAL TABLE ILLUMINATION BY INCAN- 
DESCENT LAMPS. 

109. Assuming a table, of 5 ft. by 13 ft., to be illuminated 
so as to give as nearly as possible uniform horizontal illumina- 
tion A. With a light source of the distribution curve. Fig. 107, 
but of four times the intensity, and using two such lamps, they 
would be located vertically above the table, at a distance from 
each other which would be chosen so that, midways between 
the lamps, the illumination is approximately the same as verti- 
cally beneath the lamps. 

In the same manner as discussed in C, the illumination is 
calculated in characteristic lines, indicated as A, 5, (7 in Fig. 
118, using, however, the curve % of Fig. 109. 

About the most uniform horizontal illumination then is given 
by locating the lamps 5 ft. above the table, 8 ft. from each 
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other and 2.5 ft. from the edge of the table, as shown in piEr ris 
The > lummations in the lines A, B, and C, and their comnonente 
are plotted in Figs. 119, 120, 121, and recorded in Tabl“vil 





— — 4- ^ 


A— 




2j5 


2j5 


1 -A 


6 

Fig. 118. 


TABLE VIII. — (Figs. 118 to 121.) HORIZONTAL ILLUMI- 
NATION OF TABLE. 




LIGHT INTENSITY AND ILLUMINATION. 255 

From the curves as given in Figs. 119 to 121 may then be 
plotted the equi-luminous curves at the table surface, as done 
in Fig. 117 of the preceding paragraph. In this case, which 
represents concentrated illumination, diffusion is not considered, 
but the light is all directed light. 






LECTURE XII. 

ILLUMINATION AND ILLUMINATING ENGINEERING 

110. Artificial light is used for the purpose of seeing and 
distinguishing objects clearly and comfortably when the day- 
light fails. The problem of artificial lighting thus comprises con- 
sideration of the source of light or the illuminant; the flux of 
light issuing from it; the distribution of the light flux in space 
that is, the light flux density in space and more particularly at 
the illuminated objects; the illumination, that is, the light flux 
density reflected from the illuminated objects, and the effect 
produced thereby on the human eye. In the latter, we have left 
the field of physics and entered the realm of physiology, which is 
not as amenable to exact experimental determination, and where 
oui knowledge thus is far more limited than in physical science. 
This then constitutes one of the main difficulties of the art of 
illuminating engineering: that it embraces the field of two dif- 
ferent sciences — physics and physiology. 

The light flux entering the eye is varied in its physical quantity 
by the reaction of the eye on liglit flux density in contracting 
or expanding the pupil. The effect of the light flux which enters 
the eye is varied by the fatigue, whicli depends on intensity and 
also on color. Distinction is due to differences in the light flux 
density from the illuminated objects, that is, differences of 
illumination, which may be differences in quality, that is, in 
color, or differences in intensity, that is, in brightness, and as 
such includes the effect of shadows as causing differences in 
intensity at the edge of objects. 

The physical quantities with which we have to deal in illumi- 
nating engineering thus are : 

The intensity of the light source or the illuminant, and its 
brilliancy, that is, the flux density at the surface of the 
illuminant; 

The flux of light, that is, the total visible radiation issuing 
from the illuminant; 
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The light flux density, that is, the distribution of the light flux 
in space; and 

The illumination, that is, the light flux density issuing from 
the illuminated objects. 

The intensity of a light source is measured in candles. The unit 
of light intensity, or the candle, is a quantity not directly related 
to the absolute system of units, but reproduced from specifica- 
tions or by comparison with maintained standards, and for 
white light is probably between 0.04 and 0.02 watt. Intensity 
has a meaning only for a point source of light; that is, an illumi- 
nant in which the flux of light issues from a point or such a small 
area that, at the distance considered, it can be considered as a 
point. “Intensity of light” thus is a physical quantity of the 
same nature as “intensity of magnet pole,” which latter also 
presupposes that the total magnetic flux issues from a point, 
and thus is applicable only when dealing with such distances 
from the source of the light flux or magnetic flux, that the flux 
can be assumed as issuing from a point. Frequently the inten- 
sity of a light source is different in different directions, and then 
either the distribution curve of the light intensity is required for 
characterizing the illuminant, or the average of the intensities in 
all directions in space is used, and is called the “mean spherical 
intensity.^’ 

The unit of light intensity, or the candle, is the intensity 
which produces unit flux density at unit distance from the light 
source, and thus produces a ' total flux of light equal to 4 tt 
units (the surface of the sphere at unit distance from the light 
source). The unit of light flux is called the lumen, and one 
candle of light intensity thus produces 4 % lumens of light flux 
(just as a magnet pole of unit intensity produces 4 % lines of 
magnetic force). 

The light flux is the essential quantity which characterizes 
the usefulness of an illuminant, and it is the raw material from 
which all illuminating engineering starts. Any source of light 
can be measured in units of liglit flux or lumens — the diffused 
daylight entering the windows of a room, or the visible radia- 
tion of the mercury lamp or a Moore tube as well as that of a 
point source — by adding all the flux densities intercepted by 
any surface enclosing the source of light. 

In a point source of light, the intensity, in candles, is the total 


2BH 


li.iliiATItiX, LiailT, ASl> ILU-MINA'riOXr 


flux of liiihl, iit liiiju'jL-', tlivUi'd liy -In'. hi uny illuminant 
whit‘Ii is not a sMiiri'i', wf speak of an intensity 

exeept af siieli ^!i^falu’es at whieh (ht> stairee of liglxt can be 
assnnuh as a {ioin! ; am! in interkn* illmniuation this is rarely 
tlu‘ ease. Since, ln>wt*ver. i!h* eandle power, us mcuHvire of the 
inlensity of liyhf, has heeMine tin* m<»st fainiiiar ([iiantity in 
eharueli'rhJiiy ilhuninaitis. very eninmunly eviai soiinuxs of light 
whieh an* no! point >oiirre> as a .Moore lulie or the diffused 
daylight • are expo in euwd/e /ea/vr,” iiiid when 

thus speaking of the eandle ptnvta- of a inereury or of the 

tllUhsiil ♦layliyiil fnan the windows, we nii*uu llie eamile power 
of a point soiiree of light . wlueti would givt* the .samoi total flux 
of light as the inereury lamp, or the *lay!ight from the windows, 
(‘In. The “i*f juivali*nl eandle |iow»a’,’’ or frequently merely called 
‘hnean spherieal eaudli* power/' thus is tin* total light flux divided 
by I r, hiiiee in reality is ned a unit of intensify, hut a unit of 
light Ilux. 

This explains flu* ap|»arf*nt eontradietioii Ijetwiaui tlio claims 
that soiirees of light , as the inereury lamp or the Moore lube, can- 
not he expressed in eandle | towers, while a! the .saints t.-i me their 
speeifi** eonsumpf ions are given in eaie lie power jH‘r Witt.t: mean- 
ing equivalent eaielle |tower, whieh refers ft) the totul Ilux of 
light, and thus is a detinin' and iiteaotrahle physical (puaiitity. 

While if is no! prohalt}** flntl lln* eiistom itf rjiting illuminauts 
in eaniili's. reeardle’:;:- m| their shape, will qnif'kly dis;tp>| nsar, aiul 
n«> ohjeelion exists agaiieq it, jirovTied ihaf il is uiah rnstood to 
mean the equivalenf tsmdle petwer. if i;- preferable to usr the cor- 
rect unit of light Ilux. and express fin* output of a. souia*.{‘ of light 
in hmiens, atliling when- ni'ee;.:Miry the t-quivaletil eaiulle power 
in parent he'd;;, nltviou; Iw the ii-e of die candle pitwm* in any 
particular tlin-eiion ■ ^ hori/.emf al. or ferniinal, ttr inaxii niim caii- 
tile jiower- Inis a ineanini*; only in cliaraeteivJng I lao n,sfu-i1)uiion 
of the lighldlnx, SIS applii-ahli- f«tra j»arfieu!ar purposo, as street 
lighting, liuf , when teed f»ir ratimr the ilbniiinant hy it.s light Ilux 
output, is au iiilenhoiial or uniiinaitioHal dreeption. IiicaJides- 
ceul, laiiqis have heeu raft'd, aiM to sonte extent still arc, in hori- 
i^iuntal eantlle power, hut in this ease the horizontal eandle power 
has e.easetl to nu'aii the actual litirizttiifal caudle powtsr, but is 
the horizontal eamile powt*r wliitT with a eeiiain stmndard dis- 
triliuiioii of light ilux wttuM ettrresitond h» the light flux of the 
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lamp, and thus also is merely a practical measure of the light 
flux, retained by convenience: one horizontal candle power rep- 
resents 0.78 mean spherical or equivalent candle power of the 
standard distribution curve, and thus 4 tt X 0.78 lumen. 

In general, intensity, or candle power, thus is an angular 
measure, useful in characterizing the distribution of the light 
flux, but not the total light flux. 

111. Light-flux density is the light flux per unit area traversed 
by it, thus is measured in lumens per square meter (or square 
foot), just as the magnetic density is measured in lines of mag- 
netic force per square centimeter. In illumination, as unit of 
length, usually the meter is employed, and not the centimeter, as 
in the absolute system of units, and 10^ thus is the reduction 
factor to absolute units. Frequently also , the foot is used as 
practical unit, of length. 

For a point source of light the light flux density is the inten- 
sity of the light source, in candles (in the direction towards the 
point of observation, if the distribution is not uniform in all 
directions), divided by the square of the distance, in meters, 
or feet, and the light flux density thus is frequently expressed 
in meter-candles, or foot-candles. Thus at 10 feet distance from 
a 16 candle power lamp, tll(^ light flux density is 0.16 foot-candle, 
or 0.16 lumcai i)er s(iuare foot. Very commonly, therefore, 
the light flux density produced by sources of light which are 
not points, is also expnissed in ineter-camlleB or foot-candles — 
which numeri(;ally is the same value, that is, the same quantity, 
as lumens per scpiarci iruiter or square foot, but physically 
would refer to the eciuivalent candle pow(U’ of the light source. 

Illumination is the light flux (hmsity reflected from the illu- 
minated object, and as flux density thus is measured also in 
lumens per square meter or s(|uare foot, or in meter-candles or 
foot-candles. 

Brilliancy is the light flux density at the surface of the illumi- 
nant, and as flux density thus could also be measured in lumens 
per square nu'tc'.r or sciuare foot, but, as this would usually give 
enormous vahuis, brilliancy of the light source generally is meas- 
ured in lumens per sciuare ccmtimetcir, or per square millimeter. 
It is a quantity which is of high importance mainly in its physio- 
logical effect. 

Light intensity, brilliancy and light flux thus are character- 
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isticB t)f the illuininant, wliile flux density is a function of the 
space travei'sed by the light flux, but not of the source of light; 
with the same source of light, in the space from the surface of 
the illuminant to infinite distance, all light flux densities exist 
between the maximum at tlie surface of the illuminant (its 
brilliancy) and zero. Brilliancy thus is the maximum of the 
light-flux density. While intensity and brilliancy depend upon 
th(i shape of the illuminant, light flux is independent thereof. 
Illumination is a (piantity which depends not only on the source 
of light, that is, light flux and flux dcmsity, but also on the illumi- 
nat(Kl ol)je(!ts and their nature;, Jind tlms is the light flux density 
as modified l)y the illuminated objects. Very commonly, how- 
ever, the term “illumination” is used to denote “light flux 
density,” irresixictive of the illuininat(id objects. 

112. The light flux thus is tin; raw material with which 
illuminating engin(;ering starts, and the first problem then is 
to distribute tlie light flux through si)ace so as to give at aU 
points the light flux density reciuired for satisfactory illumi- 
nation. 

Somt; problems, as tin; lighting of a meeting place, school- 
room, (*tc., rcfiuirc; .a uniform or geiuiral, and fairly high intensity 
of illumination, wliile in stri'ct lighting a uniform but fairly low 
intensify of illumination is chvsirable. In other cases, mainly a 
loc.al or conci'iit rated illumination is nei'ded. Usually, however, 
a comliination of a local or conciait.ratcid illumination, of fairly 
liigh iutisisity, with a gt;m;ral illumination of lower intensity, 
is r('(|uir(‘d; tlu; former at those; places where we desire to 
distinguish d{;1ails, as wluu’t; work is lieing done, at the reading- 
tabh;, work b(;nch, dining-table etc;., while tin; general illumina- 
tion is mertdy for ori(;ntation in the; sjiacc;, and thus may bo of 
lower intimsity, and for reasons of (iconomy, and also physio- 
logic, al n'.asons, should lx; of low{;r int{;nsity. 

We thus have to distinguish l)(;tw(;en local or concentrated, 
and general or uniform, illuinvuiiinn, and a combination of 
both, and have to distribut(; tlu; light flux in accordance there- 
with, that is, |)rodu(;(; a liigli flux d(;nsity at the points or areas 
reuiuiring high conc(;ntrated illumination, a low and uniform 
flux density tliroughout the, remaining s{)ace. 

This can lx; done by choosing a light source of the proper 
distribution curve, as, for instance, in street illumination a lamp 
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giving most of the light flux between the horizontal and 20 deg. 
below the horizontal; in many cases of indoor illumination 
a light source giving most of the light between the vertical 
and an angle of from 30 to 60 deg. from the vertical — depending 
on the diameter of the area of concentrated illumination and 
the height of the illuminant above it. It can also be done by 
modifying or directing the light flux of the illuminant by reflec- 
tion or diffraction and diffusion, either from walls and ceilings 
of the illuminated area, or by attachments to the illuminant, 
as reflectors, diffusing globes, diffracting shades, etc. Further- 
more, the required flux distribution can be secured by the use 
of a number of illuminants, and with a larger area this usually 
is necessary. Frequently the desired flux distribution is pro- 
duced by using an illuminant giving more light flux than neces- 
sary, and destroying the excess of flux in those directions where 
it is not wanted, by absorption. Obviously this arrangement 
is uneconomical and thus bad illuminating engineering; the 
desired flux distribution should be secured economically, that 
is, without unnecessary waste of light flux by absorption, and 
this usually can be done by a combination of a number of light 
sources of suitable distribution curves. The most economical 
method of securing the desired distribution curve obviously is 
to choose a light source coming as near to it as possible, and 
then modifying it by reflection or diffraction. 

113. Thus far, the problem is one of physics, and the result, 
that is, the objective illumination, can be measured by photometer 
or luminorneter, and thus checked. The duty of the illuminat- 
ing engineer, however, does not end here, but with the same 
objective illumination, that is, the same distribution of light 
flux throughout the entire illuminated area, as measured by 
photometer, the illumination may be very satisfactory, or it 
may be entirely unsatisfactory, depending on whether the physio- 
logical requirements are satisfied or are violated; and very often 
we find illuminations which seem entirely unsatisfactory, tiring, 
or uncomfortable, but when judged by the density and the 
distribution of the light flux, should be satisfactory. Even 
numerous commercial illuminants, designed to give suitable 
distribution curves, fail to do justice to their light flux and 
its distribution, by violating fundamental physiological require- 
ments. 
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The physiological problems of illumination, that is, the effects 
entering between the objective distribution of light flux in space, 
and the subjective effects produced on the human eye, thus are 
the most important with which the illuminating engineer has to 
deal, and the first feature which must be recognized is that the 
objective illumination, as measured by the photometer, is no 
criterion of the subjeciive illumination, that is, the physiological 
effect produced by it, as regard to clearness, comfort and satis- 
faction, and it is the subjective illumination by which the success 
of an illuminating engineering problem is judged. 

The most important physiological effects are: 

(a) The contraction of the pupil. The pupil of the eye auto- 
matically reacts, by contraction, on high brilliancy at or near 
the sensitive spot, that is, the point of the retina, on which we 
focus the image of the object at which we look, and to a some- 
what lesser extent on high brilliancy anywhere else in the field 
of vision. If, therefore, points or areas of high brilliancy are 
in the field of vision, especially if near to objects at which we 
look, the pupil contracts the more the higher the brilliancy, 
and thereby reduces the amount of light flux which enters the 
eye, that is, produces the same result as if the objective 
illumination had been correspondingly reduced, intensified by 
the uncomfortable effect of seeing high brilliancy. The exist- 
ence of points of high brilliancy in the field of vision thus results 
in a great waste of light flux, and additional discomfort, and, for 
satisfactory illumination, points of high brilliancy thus must 
be kept out of the field of vision. Light sources of high brilliancy 
must be arranged so that they cannot directly be seen, but the 
illumination accomplished by the light reflected from ceilings, 
etc., or from reflectors attached to the illuminant: indirect light- 
ing; or at least the light sources should be located where we 
are rarely liable to look at them, that is, with moderate-sized 
rooms, at or near the ceilings. Or light sources of moderate 
intrinsic brilliancy should be used, as the Moore tube, the 
mercury lamp, the Welsbach mantel. Or, with illuminants of 
high brilliancy, as the electric arc, the incandescent lamp 
(especially the tungsten filament), etc., the brilliancy of the 
illuminant must be reduced by enclosing it with a diffusing or 
diffracting globe or shade, as an opal or frosted or 
holophane globe, etc. 


illumination and illuminating engineering. 263 

No illumination/ however, can be satisfactory in which the 
eye at any time can be exposed to the direct rays from a tungsten 
filament or an arc. While the methods of removing the high 
brilliancy of the illuminant usually involve a considerable loss of 
light flux, by absorption at the refracting surface, in the frosted 
or opal globe, etc., and the objective illumination thus is de- 
creased, if the methods of reducing the brilhancy are anywhere 
reasonably arranged, the light flux entering the eye, and thus 
the subjective illumination, is increased, and often very greatly. 
Thus while frosting an incandescent lamp decreases its light 
flux by about 15 per cent, in spite thereof usually more light 
flux enters the eye from the frosted lamp than from a clear glass 
lamp at the same distance. 

It is, therefore, inefficient to use illuminants of high brilliancy 
in the field of vision, and in addition makes the illumination 
uncomfortable and thereby unsatisfactory. Physiologically the 
brilliancy of the light source thus is one of the most important 
quantities. 

114. (h) Fatigue. When exposed to fairly high light flux den- 
sity, that is, high illumination, the nerves of the eye decrease 
in sensitivity, by fatigue, and inversely, in lower illumination 
or in darkness, increase in sensitivity. This reaction, or adjust- 
ment of the sensitivity of the nerves of vision to different intensi- 
ties of illumination, enables us to see equally well in illuminations 
varying in intensity by more than 10,000 to 1 (as daylight and 
artificial light). Thus, when entering a well-illummated room 
from the darkness, it first appears glaring, until gradually 
the impression fades down to normal. Inversely, coming from 
a well-lighted room into a space of much lower illumination, it 
first appears practically dark, until gradually the eye adjusts 
itself, that is, the nerves of vision increase in sensitivity by their 
rest, and then we again see fairly well. . • • t, • 

Fatigue and contraction of the pupil thus^ are similar in their 
action, in that they reduce the physiological effect ^ for high 
intensities. The contraction of the pupil, however, is almost 
instantaneous, and is a protective action against excessive bril- 
liancies in the field of vision, while the fatigue is a^ gradual 
adjustment to the average intensity of illumination, within the 

operating range of the human eye. . i i • n -n 

By exposure for a considerable period to the fairly high iliumi- 
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nation retinired wluai working by artificial liglit, the sensitivity 
of tluj ey<^ ilec.rwiscs, the ilinniination ajjptairs Ic'ss bright, and 
thus a higlH'r illiiinination Ls retinired than would be sufficient 
in the al)s(!n<‘.(; of fatigiu*, and thi‘ continuous use and absence 
of rest C 4 iuse tlu* siaisation of strain, that is, irritation or an 
uncomfortable feeling, as esjH'cially noticaaiblc' wIkui workino- 
or njading for a consid(‘rable haigtii of time in rooms having a 
high uniform intensity of illumination, as meeting-rooms, some 
libraries, elm If, however, the ey(^ can rcsst (WHiii momentarily, 
byachanga? to lowm* intensity of illumination, fatigue is decreased, 
nev{‘r b(«‘,om<‘s as (tomiihde and imeomfortable, and tin; concen- 
trat('d illumination of i1h‘ working-table apiaaim l)righter than 
it would without tlie }»osstlnIity of rest. 

A room having a uniform intensity td illumination thus appears 
glaring and uneomfortabhg and for satisfactory illumination 
it is ntau'ssury not only to |)rovide a .suflicii'ntly high intensity 
at th(‘ plaei? where neede<l, but it is Just as lu'cessary to keep 
tlie intensity of illumination as hnv as permissibhg wherever 
it Ls not needed, so as to alTord to the eye n‘st from t-ln; fatigue. 
In soimi (%'Lses, as meeting-halls, selioolrooms, this may not l)e 
possi!)le, !)U( a uniform higli intensity retpiired, to l)(‘ ahhi to 
work or read anywhere in the roojii. Where, howc'ver, it is not 
n(M!ess;iry, it is not ruiu'ely imeeonomical to provide a uniform 
high intensity of illuminaf ion, hut if Ls an illuminating (uigineiU’- 
ing (h'ff'c.t, and a high intensity should h(‘ ju’ovided, as (loucaai- 
t, rated illumiuatinn, niily at those |»laces wherti re([uir(‘d, as 
at the readiiig“f allies of tlje hltrary. hut flu‘ general illumination 
should 1 h‘ of lower infeusity. While we rarely realix.e tlu' (uiusc^, 
we fet'l the superiurily of (lie tauubiitaf ion of high (auiecmirated 
and lower general illuminalioii, by sptsaking of sue.h illumination 
as home-like, restful, etc. Mspeeially in places whi'n* eonsidc'rahlc 
work lias to lie done by arlihrial illmuination, us in liliraries, 
factori(*s, to get sat isfaelory resulfs, it is important to 
consider this effeed of fatigue, and to jiropialy (^ombiiH' a moder- 
ately low gi'iH'ral illumination with a lot‘;il higluu- intvnsity of 
illumination at the places of work. 'I’lie latter can usually he 
given by a light source having a downward dist rihiilion, located 
sufficiently high ahovi' th(‘ |>la(‘e of work. The aviu'age standing 
or reading lamp, liowevtu', gmierally is not, .suffiitiimtly higli to 
accomplish the result. Obviously, in such local illumination. 
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the brilliancy of the illumination must be kept low, as discussed 
above. 

Of considerable importance regarding fatigue is the quality, 
that is, the color, of the light : fatigue at high intensities occurs 
far more with yellow and orange rays than with white light, 
and very little with green and bluish-green light. Thus, in arti- 
ficial illumination, in which practically always the yellow and 
orange rays greatly preponderate, the question of fatigue is far 
more important than with the bluish-white diffused daylight, 
and the irritating effects of fatigue thus are mostly felt with 
artificial illumination. 

115. (c) Differences. Objects are seen and distinguished by 
differences in quality, that is, color, and in intensity, that is, 
brightness, of the light reflected by them. If there were_ no 
differences in color or in intensity throughout the field of vision, 
we would see light but would not distinguish objects. ^ Therefore, 
in good illumination, the differences in color and in intensity 
should be sufficiently high to see clearly by them, but still limited 
so as not to preponderate to such extent as to distract the atten- 
tion from smaller differences. The differences in intensity, 
to give distinction, should be high, but at the same time are 
limited by the phenomena of fatigue and of the contraction 
of the pupil: the minimum intensity must still be sufficiently 
high to see clearly, and the maximum intensity not so high as 
to cause fatigue and contraction of the pupil, much beyond 
that corresponding to the average intensity, otherwise the vision 
becomes indistinct and unsatisfactory, and uncomfortable by 
too much contrast; that is, the intensity differences inust give 
a sufficient, but not an excessive, contrast, if the illumination is 
to be satisfactory. 

Differences in quality, that is, in color, are to a limited extent 
only under the control of the illuminating engineer. In some 
cases the illuminating engineer can control or advise regarding 
the color of objects, as the walls, ceilings, etc._ In most cases, 
however, the absolute color of the illuminated objects is not within 
the control of the illuminating engineer: for instance, in street 
lighting, the color of the street surface, its surroundings, as 
vegetation, houses, etc., are fixed and cannot be chanp ^ or 
effects of illumination. So also in most cases of indoor illumina- 
tion. To some extent, however, the subjective color can be con 
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troM by the choice of the proper shade of light, and thereby 
slight color differences increased and made more distinct 
decreased and thus obliterated. For instance, the color resulting 
from age and dirt is usually the color of carbon and of iron 
yellowish brown or reddish brown, that is, colors at the lone 
wave end of the spectrum. Spots and blemishes due to dirt 
or age, thus are made more distinct by using an illuminant defi 
cient in the long waves of light, as the mercury lamp, while in- 
versely they are decreased by using a reddish-yellow illuminant 
as the incandescent lamp or the candle. Thus the white arc 
lamp and still more so the bluish-green mercury lamp shows 
blemishes and slight color differences of age and dirt harsh and 
exaggerated, while the yellow light softens them and makes 
them disappear; and while, for a ballroom, the yellow lio-ht 
is thus preferred, and the mercury arc or even the ordinary 
white carbon arc would give a harsh and disagreeable effect 
inversely the yellow light would be unsuitable where such slight 
differences should be distinguished. It is therefore essential 
for the illuminating engineer to choose as far as it is feasible the 
proper color of light, and an otherwise good illumination may be 
spoiled by using too white or too yellow a light. 

The main distinction of objects, however, is due to differences 
in intensity or brightness, and, for producing these, the shadows 
are of foreinost assistance, and indeed the differences of inten- 
by which we see objects, are to a large extent those due 
shadows. The study of the shadow thus is one of the most 
important subjects of illuminating engineering. If we have no 
shadows, but a perfectly diffused illumination, even if the 
intensity of illumination is sufficient, the illumination is unsatis- 
factory, as we lose the assistance of the shadows in distinguishing 
objects, and therefore find seeing more difficult, the illumination 
restless and uncomfortable. 

The use of shadows for illumination requires that we must 
have directed light, that is, light coming from one or a number 
of sources, and thus causing shadows, and not merely diffused 
illumination, that is, light coming from all directions and thus 
causing no shadows. While, however, in general perfectly dif- 
fused illumination is unsatisfactory, an illumination having only 
directed light is also unsatisfactory. If the light is all directed, 
as from a single arc, the shadows are absolutely black, we can- 
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not see anything in them, and, in attempting to see the objects 
in the shadows, the illumination becomes tiring to the eyes, 
irritating and restless. 

For satisfactory illumination, it therefore is necessary to 
have sufficient directed light to mark the edge of the objects 
by their shadow, and thereby improve distinction, but at the 
same time sufficient diffused light to see clearly in the shad- 
ows; that is, a proper proportion of directed and diffused light is 
necessary. 

In cases in which all the objects assume practically the same 
color, as in flour mills or foundries, a diffused illumination without 
shadows would make the illumination so bad as to be practically 
useless. In other cases, as a drafting-room, where all the objects 
requiring distinction are in one plane, as the drafting board, and 
the distinction is exclusively by differences of color and intensity, 
but not by shadows, a perfectly diffused illumination is required, 
and shadows would l)e ol:)jectionable and misleading, and this 
is one of the cases where directed light is objectionable. 

While with a single; light sourc-o all the light issuing from it 
is directed light, by using a number of illuminants, the overlap 
of their light fluxes (‘.auses more or less light to reach objects 
from all directions, and therciby gives the effect of diffused light, 
except at those plaeit^s whcirc; the shadows cast by the different 
light source's e‘,e)in(!ide'., and by proper positions of sufficient 
numbers ()f light soiirc.es this can be; avoiele;d. The use of a 
number of light soureies thus e)ffers a means of increasing the 
proportion of diffuse;d to elirecteid light. 

116. It is not suffieneait, however, te) have merely a combination 
of diffused and dire'cteHl light in the proper proportion, but the 
direction of tlie; latteir also is ot inipe^rtance. In some simple 
cases this is obvious, as, in writing, the directed light should 
be from in fiunt e)n the; left side; above the table, so as not to 
cast the shadow on tlie; work. Tlie purpose of the shadow in 
illumination is to mark the edge of the object, and its height 
by the length of the; shadow. The shadow, therefe)re, should 
not extend toe; far fre)ni the object to which it is related, other- 
wise it loses its cle)se; redation to it anei becomes misleading and 
thereby interferes with goexi illumination. Thus the diiected 
light shoulei come from above, that is, in a direction making a 
considerable angle with the horizontal, so as to limit the length 


268 RADIATION, LIGHT, AND ILLUMINATION. 

of the shadow without, however, being vertical, as the latter 
would largely obliterate shadows. Perhaps an angle of 45 to 
60 degrees with the horizontal would be most satisfactory. 
The practically horizontal shadows cast in the usual form 
of street lighting therefore are not satisfactory for best illumi- 
nation. 

The number of shadows is of less importance. While in nature 
objects have one shadow only, cast by the sun, indoors we are 
familiar with seeing several shadows due to the diffused day- 
light from several windows. Of high importance, however, is 
the shape of the illuminant, in so far as it determines the outer 
edge of the shadow. The purpose of the shadow is to give an 
intensity difference at the edge of the object, and thereby make 
it easier to see the object. The shadow, however, has another 
edge, its outer end, and that we should not see, as no object 
ends there, or at least it must be such that it cannot be mistaken 
for the edge of an object. The problem thus is not merely to 
provide sufficient directed light to cast a shadow, but the shadow 
should be such that only one side, at the edge of the object, is 
sharply defined, while the other edge of the shadow, which ter- 
minates on the flat surrounding surface, should gradually fade 
or blur. If we have to look closely to determine that the outer 
edge of the shadow is not the edge of another object, the strain 
of distinguishing between the edge of an object and the edge 
of a shadow makes the illumination uncomfortable and thus 
unsatisfactory. In the shadows cast by a single arc in a clear 
glass globe, this difficulty of distinguishing between the edge 
of a shadow and the edge of an object is especially marked, and, 
combined with the invisibility of objects in the shadow, makes 
such shadows appear on first sight like ditches or obstructions. 

In the use of shadows in illuminating engineering it thus is 
necessary to have the outer edge of the shadows blur or gradually 
fade, and this requires that the source of directed light be not a 
point, but a sufficiently large area to scatter the light at the outer 
edge of the shadow, preferably even more than is the case 
with the shadows cast by the sun. This requires enclosing 
the illuminant by a fairly large opal globe or other similar 
device ; that is, have the light issue from a fairly large luminous 
area. 

It must be recognized that the proper treatment of the shadows 
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is one of the most important problems determining the success 
or failure of an illumination. 

117. Color sensitivity. The maximum of sensitivity of the 
eye shifts with decreasing illumination from yellow to bluish 
green, and where a low intensity of illumination is used, as in 
street lighting, a source of light which is rich in the shorter 
waves, that is, a white light, is superior in its physiological 
illuminating ,value to a yellow light of the same or even 
higher light flux, while inversely at high values of illumina- 
tion, as for decorative purposes, the yellow light is more 
effective. 

Therefore it is a mistake to choose a yellow light source for 
illumination of very low intensity, or a white or bluish -green 
liglit for illumination attempting high intensity effects. Thus, 
for the average street lighting of American cities, the white arc 
is superior to the yellow flame arc, but, to produce a glare of light, 
the latter would be superior. 

While there are further physiological effects which are of im- 
portance in illuminating engineering, the above four may illus- 
trate the long step which exists between the distribution of the 
light flux as measurable by the photometer, and the success or 
failure of the illumination represented by it. _ 

The recpiirements of satisfactory illumination can thus be 
grouped in two main classes, referring respectively to economy 
and to comfort, and the characteristics are: 

(1) General or uniform, and local or concentrated illumination, 
and combination of both. This is of importance for economy . to 
avoid the production of unnecessary light flux; and comfort; to 

reduce the effect of fatigue. , • c 

(2) Diffused and directed illumination, and combinations of 
both, and the theory of the shadow. This is of importance for 
the comfort of illumination, in securing clearest distinction. 

(3) Quality or color of light, of importance in economy, o 
suit the color to the intensity of illumination, and to comtor , 
in increasing or softening differences in color shades. 

(4) Massed and distributed illumination, as controlling the 
distribution of the light flux, and thereby the economy and also 

the diffusion. ^ 

(5) Direct illumination and indirect illuimnation, shaded, 

diffracted, diffused, or reflected light, in its relation to the bril- 


2T0 


RADIATION, LIGHT, AND ILLUMINATION, 

liancy of the light source, and thereby the effect of the contraction 
of the pupil, on economy and comfort. 

Some of the common mistakes made in illumination are • 

(1) Unsatisfactory proportion of general and of concentrated 
light. 

(2) Exposure of high brilliancies in the field of vision, as naked 
filaments. 

(3) Unsuitable proportion of diffused and directed ligUt. 

(4) Improper direction of directed light and thereby improper 
length of shadows. 

(5) Sharp edges of shadows. 

In order to illustrate the preceding principles, some tvnical 
cases may be considered : 

(a) Domestic lighting. 

118. Domestic lighting usually requires a combination of a 
concentrated illumination of fairly high intensity locally at the 
work-table, dining-table, etc., and a general illumination of low 
intensity, to secure comfort and economy. Occasionally, as in 
halls, etc., the local lighting is absent and only general illumina- 
tion required, while for instance in a sick room the general illumi- 
nation is absent and only local illumination required. 

In this illumination the proportion between directed and dif- 
fused light should be such as to give the proper effect of shadows. 
The problem of domestic illumination thus is to produce a defi- 
nite distribution of light flux density, with a definite proportion 
between diffused and directed light. If we deviate from the 
proper proportion on one side, the room appears cold and uncom- 
fortable; if we deviate in the other direction, it appears dark and 
gloomy. 

The light issuing directly from a single illuminant is directed 
light; the light issuing from a number of illuminants is diffused 
in proportion to the number of sources by the overlap of the light 
fluxes of the illuminants. The light reflected from walls and 
ceilings is diffused light. The proportion between the light 
reflected from walls and ceilings, or the indirect light, and the 
direct light from the illuminants, varies with the reflecting power 
of walls and ceilings, that is, their brightness or darkness. The 
proportion between directed and diffused light thus can be 
changed, and the diffused light increased by increasing the num- 
ber of illuminants, and also by increasing the brightness of walls 
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and ceilings. With a given brightness of walls and ceihngs, the 
desired distribution of the light flux — a local high and general low 
intensity — can be produced by a single illuminant having the 
proper distribution curve of light flux. In this case, however, 
usually we get too much directed, and not enough diffused, light. 
The same distribution of light flux can be produced by a number 
of illuminants properly located ; nearer together for the local than 
for the general illumination. In the latter case we get more 
diffused and less directed light, and thus by choosing the number 
of light sources it is possible, with any given brightness of walls 
and ceilings, to get the desired distribution of light flux and at 
the same time the proper proportion of directed and diffused 
light. With a different brightness of walls and ceilings, the dis- 
tribution curve of a single light source, required to give the 
desired light flux distribution, is correspondingly changed, ^and, 
the lighter the walls and ceilings, the more light is reflected, giving 
a diffused general illumination, and thus less direct light from the 
illuminant is required for the general illumination. With in- 
creasing reflecting power of walls and ceilings, the proportion of 
diffused light increases, and the number of light sources which 
are required to give the proper proportion between directed and 
diffused light is decreased, and inversely it is increased with 
increasing darkness of walls and ceiling. Therefore, in a room 
with light walls, a smaller number of light sources is required for 
good illumination than in a room with dark walls, assuming the 
same intensity of local and of general illumination. 

119. Tlie problem of domestic illumination: to get a certain 
distribution ot illumination, with a definite proportion between 
directed and diffused light, thus leaves one independent variable 
— the brightness of walls and ceilings. This is necessary, as the 
problem of domestic illumination is twofold; to get the proper 
illumination by means of the daylight, and also to get it for 
artificial illumination. During daytime, the windows are the 
source of light, the directed light issues from the windows, the 
diffused light from the walls and ceilings and by the overlap ot 
the light from several windows. The proper distribution between 
local and general illumination during daytime, and at the same 
time the proportion of directed and diffused light, thus deter- 
mines the number of windows and the brightness of walls and 
ceilings, in the manner as discussed before. 
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As the reflecting power of walls and ceilings is fixed by day- 
light considerations, it cannot be chosen, or at least only to a 
limited extent, by considerations of artificial illumination, but as 
found above, this is not necessary, since by a combination of a 
suitable number of light sources of proper distribution curves 
the problem of artificial illumination may be solved. To some 
extent, due to the quality of artificial light and daylight, the walls 
can give a different reflecting power for the one than for the 
other. As artificial light is deficient in blue and green, a bluish 
or greenish shade of walls and ceilings gives them a greater reflect- 
ing power for daylight than for artiflcial light — which usually 
is desirable — and inversely with a reddish-yellow shade. 

(6) Street Lighting. 

120. The problem of street illumination is to produce a uni- 
form low intensity. For reasons of economy, the intensity must 
be low, at least in American cities, in which the mileage of streets, 
for the same population, usually is many times greater than in 
European cities, and, at the same time, the same type of illumi- 
nant is usually required for the entire area of the city. The low 
intensity of illumination requires the quality of light which has 
the highest physiological effect at low densities, that is, white 
light, and excludes the yellow light as physiologically inefficient 
for low intensities. Still better would be the bluish green of 
the mercury lamp, but is not much liked, due to its color. Quite 
satisfactory also is the greenish yellow of the Welsbach mantel 
for these low intensities. The American practice of preferring 
the white light of the carbon or magnetite arc thus is correct 
and in agreement with the principles of illumination, and the 
yellow-flame arc can come into consideration — even if it were not 
handicapped by the necessity of frequent trimming — only in 
those specific cases where a high intensity of illumination is 
used, as would be only in the centers of some large cities. 

Uniformity of illumination is specially important in street light- 
ing, where the observer moves along the street, and, due to the 
low intensity, the decrease of subjective illumination by fatigue 
is especially objectionable. For a street illuminant, a distribu- 
tion curve is required which gives a maximum intensity some- 
. what below the horizontal, no light in the upper hemisphere, and 
very little downward light. Street lamps therefore should be 
judged and compared by the illumination given midways be- 
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tween adjacent lamps, or at the point of minimum intensity, or, 
in other words, by the intensity in a direction approximately 
10 deg. below the horizontal. This also is in agreement with 
American practice. However, it is very important that the 
downward intensity be very low, and in this respect it is not 
always realized that the light thrown downward is not merely a 
waste of light flux, but is harmful in producing a glaring spot at 
or near the lamp and, by the fatigue caused by it, reducing the 
effective illumination at the minimum point between the lamps. 
Most objectionable in this respect is the open direct current car- 
bon arc and those types of lamps giving a downward distribution, 
but even with the enclosed arc lamp the distribution of light on 
the street surface is still far from uniform, and the intensity 
too high near the lamp, and in this respect improvements are 
desirable. 

121. The greatest defects of the present street illumination, 
which frequently makes it inferior in subjective illumination even 
to the far lower illumination given by the full moon, are the 
absence of diffused light, and especially the improper direction 
and termination of the shadows, and also the high brilliancy of 
the illuminant. The light of the usual street lamp is practically 
all directed light, issuing in a nearly horizontal direction from a 
point source. Thus the shadows are far longer than permissible, 
and terminate sharply and without blur; objects in the shadows 
are practically invisible, and the end of the shadow looks like the 
edge of an object, thus producing a misleading effect, which 
results in unsatisfactory illumination. To give a somewhat 
better direction to the light requires considerable increase of the 
height of the lamp above the street surface. This also would 
essentially decrease the intensity of illumination below and near 
the lamp, without appreciably affecting the intensity at the 
minimum point, and thus would give a more uniform and thereby 
better illumination. No valid reason usually exists against 
greatly increasing the height of the lamps, except that of the 
greater cheapness of short lamp posts, which is hardly justifiable. 
It is, however, more difficult to give a proper blur to the ends of 
shadows, so as to distinguish them from edges of objects. This 
would require an increase of the surface of the illuminant, by 
opal or frosted globe, etc. Enclosing the arc by an opal globe, 
however, scatters the light more uniformly in all directions, and 
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of are. iimps are iic'lalle-l itn a high fetter and were suppostvl 
frtnn there, like anificiul jam-., Im sjaead I heir light e»ver iin entire 
city t list riel. 

'this mighttil e*f eity lighfiiig was f'Mimd im-'afisfaetory, as it 
dill ntil give enutu.di lighl. If i:- iinralidatiMry, ho\vt‘V(‘r, not 
ill prineiple, liti! hi t-aiire ii wu-s imm aiiilhiMin a. se.home. If, 
in .street illuminat ion, we doiihle f he di Otnee }»r*f wi-en tlio lamgis, 
each unit, must have four time'- the rs'hi flux to gel, the saine 
niinimmn llnx diiisily, a- tin* di. faiiee* i- dotdded, ami tlio flux 
density ilecreasi*s with, the s»jiiar«* of the di-Oatice. .At twitie 
the distance hiUween the lamps, eu*'!} laiiip thus must have 
four times the light llnx, and emh mile of sgreef thus retiuircs 
twice tht' {tower, liedueiiig the di.-laiiet* helweeit laiiitis to one- 
half rt'thict'.s the {tower to ttne half willt the ."ante ininimum 
illumination. In si reel ligjo ing if is therefun* of atlvantago to 
list* as many units of ilhiminanls us {Hoviltle. and Inirig tht'iii 
together as clo.sit a.s pta'siltle, anil eorres{niniiingly lower their 
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intensity, up to tlie point where the increasing cost of taking 
care of the larger number of units and increasing cost of poles 
and connections compensates for the decreasing cost of energy. 
There is a minimum which probably is fairly near our present 

practice. . . ,. -uj.- 

"When, however, you come to square and exposition lignting, 

you find that the distance between the illuminants has no 
effect oh the efficiency. Let us assume that we double the 
distances between the lamps which light up a large area. Then 
each lamp requires four times the light flux to get the same 
minimum flux density between the lamps, but at twice the 
distance between the lamps each lamp illuminates four times the 
area, and the total power per square mile of lighting a large area, 
like an exposition, thus is independent of the number of lamps 
used, and, whether you place them close together or far apart, 
you require the same total flux of light, and if you keep the same 
proportions of height from the ground and distance between 
lamps, you also get the same variation between maximum and 
minimum intensity. But, supposing the lamps to be placed 
further apart, the maximum or minimum points also are further 
apart, and you get a more satisfactory illumination by having 
a less rapid intensity variation. That points to the conclusion 
that, for exposition lighting, the most efficient way would be to 
use a relatively moderate number of high-power sources of 
light on high towers at distances from each other of the same 
magnitude as the height of the towers. We would get a greater 
uniformity and better physiological effect by having the illumi- 
nants further apart, and they would require the same total 
light flux, and therefore the same power, as if you bring the lamps 
close to the ground, and place them very close to each other. 
The tower lighting therefore is the ideal form for lighting a large 
area. When the arc was first introduced, it was so much superior 
to any other illuminant known before, that people vastly over- 
rated it. They thought that they could light the whole city 
by it, and in trying to do so these towers would have been the 
proper way, but very soon it was found that even with the effi- 
ciency of the arc, to light not only the streets, but the whole 
area of the city, would require an entirely impracticable amount 
of light flux. It thus was too ambitious a scheme for city 
lighting, but it should be done in exposition work. City illumi- 


iialiun }ia> iruiii IliK iirst ambition to light the 

wlioh* rity tu nn If* lir.lit tmly Iho strretH. For the 

hitter lit»u»*\f*r. rii;ht!»|» lowers are iueflieient, since 

much <‘f tin* liiih! i- on ihM-e places which we no 

longt‘r ntteiiipt t" liiilit. In !i,;rliting, however, the 

most (‘ffective gein*rjil illiiniiiii4ti«ni would Im* given by white 
arcs f»n high ltnvi*!'s, Ica^'iiiix the coiicenfratetl or decorative 
illuminatHm to the im'au'itvct'iii lamp and tiamc arc, of yellow 
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PHYSIOLOGICAL PROBLEMS OF ILLUMINATING 
ENGINEERING. 

123. The design of an illumination requires the solution of 
physiological as well as physical problems. Physical considera- 
tions, for instance, are the distribution of light-flux intensity 
throughout the illuminated space, as related to size, location 
and number of light sources, while the relation, to the satisfac- 
tory character of the illumination, of the direction of the light, 
its subdivision and diffusion, etc., are physiological questions. 
Very little, however, is known on the latter, and the entire 
field of the physiological effects of the physical methods of 
illumination is still largely unexplored. As result thereof, 
illuminating engineering is not yet an exact science, as is, for 
instance, apparatus design, but much further _ physiological 
investigation is needed to determine the requirements and 
conditions of satisfactory illumination. 

The physical side of illuminating engineering:— to produce a 
definite light flux density throughout the illuminated space,— 
is an engineering problem, which can be solved with any desired 
degree of exactness, usually in a number of different ways. 

The solution of the physical problem of light distribution, 
however, does not yet complete the problem of illuminating 
engineering, does not yet assure a satisfactory illumination, but 
with the same distribution of light flux density throughout the 
illuminated surface, the illumination may be anything between 
entirely unsatisfactory and highly successful, depending on the ful- 
fillment or failure to fulfill numerous physiological requirements. 
Some of these are well understood and such that they can be 
taken into consideration in the physical design of the illuming 
tion, and thus no excuse exists to fail in their fulfillment, thoug 
it is frequently done. Such, for instance, is the requirement o 
low intrinsic brilliancy in the field of vision, of the^ color o t e 
light, etc. Other physiological requirements are still very little ^ 
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(ir entirely unknown, while on others not sufficient 
quiintitative data {in‘ availal)k‘ for exact engineering calculation. 

Thus, for instanff', tlie usual Buburban street illumination, 
with an*s spactHi at t’onsiderable distaruajs from each other and 
loi'atjHl on fairly low |)ost.s, is vcwy mucli inferior to the illumina- 
titjn given l)y moonlight, {‘vcai when allowing for the difference 
in intensity. ll(‘re tln^ rt‘ason of the unsatisfactory character 
of th(* former illumination is mainly the almost horizontal direc- 
tion of thi* light iiux. A perfectly vertical direction of the light 
flux again is nnsatisfa<ttory in many cases, and the most satis- 
factory results an* given by a direction of the light flux which 
maki'S a {‘onsiih‘rnhU‘ angle with the horizontal as well as the 
vi‘rtical direction. Tims, when dealing with directed light, the 
direction angltt is <jf essential physiological importance. We 
have very litth; exact knowIe<lg(* to guide in tlie determination 
of tint projHT angle in which to tlirect the light flux; it is known 
that in geiu'ral ap{»roximately horizontal and approximately 
vertical direction of tht* light flux arti objcajtionable, and an in- 
termediary angle gi\'es liest n‘.sultH, IIow(?ver, the horizontal 
direc’litm usually is obje(t(ionahh; l)y (‘xetessive contrasts, the 
V(*rt ical direction by flatness in the* appearance of the illuminated 
objiM'Is, and, de])ending on tlui nature of the objects, sometimes 
the out*, stiiiK'limcs tlu* other fi‘ature may l)e more objectionable. 
Hence, Ihi* Ih'sI. nuglt* t»f inchleiictt of tlui light deiauids on the 
uaiurt*, that is, I he .*^hape and location, of the illuminated objects, 
ttu tilt* purpose^ (»f tht* illumiiiatitm, ettu, and thus is not con- 
st aiit, lint, is a function t»f thit j)rol)lt*m, which is still largely 
unknown. 

121. Ntit. iei»r(*st‘ntetl Ity iht* physic.al disiriliution curve of 
illumination, l>ut very marktHl in t!u‘ir physiological effect is 
till* tliflcrcnct* lictwecn ilircctt*d light anti difTu.s(*<l light. In most 
prtililctii.s ttf illumination, either (‘utirely directed light or entirely 
iliffuscti light is unsatisfac.tory, ami a comliination of directed 
light anti diffused light is ret|uirctl, as disc.imseil in the preceding 
pagt'S. No t*xuc,i, knowlctlgt*, however, (*xists on the })rop()rtion 
in which tlirt'cleil liglit anti dilTiisetl light .should be cornbintd 
for satisfatslory illuminatitin, nor how this |)roportion varies with 
tlie nataire, c.olor, ettu, of surrountling ohj(*cts, with the purpose 
of tint illumination, (*tc;. That it varies is w(*ll known, as for 
, some puriioses, as a draughting room, entirely diffused liglit 
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seems best suited, while for other purposes mainly directed light 
seems more satisfactory. 

Furthermore, the relations between directed and diffused light 
have in the illuminating engineering practice been obscured to 
some extent by the relation between high and low intrinsic bril- 
liancy and between direct and indirect lighting. Thus, to 
eliminate the objectionable feature of high intrinsic brilliancy of 
the illuminant, direct lighting by light sources of high brilliancy, 
which was largely directed lighting, has been replaced by indirect 
lighting, by reflection from ceilings, etc., which is diffused hght- 
ing. Where such change has resulted in a great improvement of 
the illumination, it frequently has been attributed to the change 
from directed to diffused lighting, while in reality the improve- 
ment may have been due to the elimination of high brilliancy 
light sources from the field of vision, and engineers thereby led 
to the mistaken conclusion that perfectly diffused lighting is the 
preferable form. Again, in other instances such a change from 
direct to indirect lighting has not resulted in the expected im- 
provement, but the indirect lighting been found physiologically 
unsatisfactory, and the conclusion drawn that the elimination 
of high brilliancy from the field of vision has not been beneficial, 
while in reality the dissatisfaction with the indirect light was due 
to the excess of diffused light and absence of directed light, and 
this improper proportion between directed and diffused light 
more than lost the advantage gained by eliminating the light 
sources of high brilliancy from the field of vision. In this case 
the proper arrangement would have been to reduce the brilliancy 
of the light sources, by diffusing or diffracting globes, to a suffi- 
ciently low value, but leave them in such position as to give the 
necessary directed light. 

Thus, in illuminating engineering, as in other sciences, it is 
very easy to draw erroneous conclusions from experience by 
attributing the results to a wrong cause. Any chanp in the 
arrangement usually involves other changes: as in the above 
instance, the change from high to low brilliancy commonly 
causes a change from directed to diffused light ; by attributing 
the results to a wrong cause, serious mistakes thus may be made 

in basing further work on the results. 

125. In discussing diffused light, we must realize that t e 
meaning of “diffused light” is to some extent indefinite, io 
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define diffused light as light which traverses the space in all direc- 
tions and thus casts no shadow, is not correct, since even diffused 
daylight casts shadows. For instance, if in Fig. 122 P is the sur- 



face of the ground and A a flat circular shade at distance Z above 
the ground, the intensity distribution of the light in plane P is as 
shown in Fig. 122 for I = 0.2 A, thus showing a fairly dark 
shadow beneath the center of A, but a shadow which blurs so 
very gradually that with most objects it is not marked. 

The light from a single point source 
is perfectly directed light; it traverses 
every point of space in one single 
direction only, as shown as A in Fig. 
123. If we now enclose the point 
source in an opal globe, which then 
becomes the radiator, as discussed 
before, as diagrammatically shown as 
B in Fig. 123, the light flux traverses 
each point not in a single direction but 
in all directions within a narrow , angle 
a, which is the angle subtended by 
the radiator L from the point P. 
With increasing size of the illuminant, 
and thus increasing angle a, C, Fig. 
123, the pencil of rays, which traverses 
point P, gradually spreads, until, when 
a becomes 180 deg., we get perfectly 
diffused light, similar to daylight, 
change of the diameter of the illum- 
180 deg., the light gradually changes 



Fig. 123. 


Hence, with a 
inant, from a 


gradual 
= 0 to ct 


from, directed to diffused light. Thus, no sharp dividing line 
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can be drawn between directed light, and diffused light, but 
the directed light from a light source of considerable diameter 
(that is a diameter which is not neglible compared with the dis- 
tance of the illuminated objects from the light) already has to 
some extent the character of diffused light. 

Diffused light thus may be defined as light given by a radiator 
which subtends a spherical angle equal to a considerable part of 
the sphere. This makes the term “diffused light’’ a relative 
term Near to a radiator of considerable size, the light given 
bv this radiator thus is largely diffused light, while at considerable 
distance it is practically directed light, or, in other words, the 
light given by light sources of considerable size is directed light 
only at such distances from the radiator at which the law of 
inverse squares holds; but approaching the radiator so far 
that this law of inverse squares (flux density inverse proportional 
to the square of the distance) does not hold, the light approaches 

somewhat the character of diffused light. ^ i i t. 

The physiological effects, however, during a gradual change 
from « = 0, or directed light, to 180 deg., or diffused light, 
apparently do not change uniformly, but new effects appear 

and others disappear. _ . i 

126. The main objection to directed light from a single source 

results from the absence of light in the shadows. Using, how- 
ever two or more illuminants, that is, combining directed light 
of several widely different directions, the shadow cast by one 
illuminant is illuminated by the other illuminants, and thus an 
effect produced very similar to diffusion. Ihus with two light 
sources, at a point at which both light sources give the same 
illumination, the intensity in the shadow cast by one illuminant 
is still 50 per cent, that is, the illumination the same as it equal 
volumes of directed and of diffused light were combined, and 
to a considerable extent the physiological effect is the same. 
It is not completely so, however. In the illumination by equal 
volumes of diffused light and directed light from a smgb source, 
each object casts a single shadow, in which the illumination is 
reduced to half. When producing an equivalent diffusion by 
two light sources, an object casts two shadows, in w ic ' e 
illumination is reduced to half (if the two light sources give 
equal illumination), but, where the shadows overlap, a pe^’f^ctly 
black and lightless shadow is produced. The more the two 
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half shadows overlap to a complete shadow, the less the combina- 
tion of the two light sources is equivalent to diffusion. At 
the same time, occasionally the existence of two or more half 
shadows and of their compound shadows may assist distinction, 
and thereby be advantageous. In short, there is a vast and 
largely unexplored field in the physiology of illumination, 
which the illuminating engineer will have to study and investi- 
gate. 

While one point source of light gives directed light, two 
sources at distances from each other give an effect equivalent 
to diffusion, and three or more sources still more so, until in the 
theoretical case of an infinite number of point sources distributed 
through space — or, practically, a very large number of distrib- 
buted illuminants — we get perfect diffusion. With a change 
from a single to a very large number of illuminants, the illumi- 
nation thus changes from directed to diffused, and thus, for 
a moderate number of illuminants, is intermediate between 
directed and diffused, but nevertheless this intermediate state is 
physiologically of entirely different character from that given 
by a single illuminant of very large diameter, that is large 
angle a, as discussed above. 

127. We thus have true diffused light, as daylight, the equiva- 
lent diffusion given by the combination of several light sources, 
which depends on their relative location, and the equivalent 
diffusion given by a large relative diameter of the light source. 
The latter again varies with the shape of the light source, and 
in extreme cases, as a linear straight radiator, as a Geissler tube 
(Mo'ore tube), we may get an illumination which, at any point 
of space, is practically diffused in one direction, and practically 
directed in a direction at right angle to the former. In such 
cases we again get different physiological phenomena. For 
instance, a straight rod, held parallel to the radiator, casts a 
sharp black shadow — directed light — while, when held at right 
angles to the radiator, it casts no shadow — diffused light. With 
objects of more irregular shape, it can be seen that the shape 
and appearance of the shadows give a rather interesting problem, 
and the physiological impression made by such illumination 
thus is different again, from that of ordinary directed or diffused 
light or their combination. 

In general, wherever two or more illuminants are used, the 
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physiological effect depends on the relative position of the light 
sources to the illuminated objects, irrespective of the intensity of 
illumination. Thus, for instance, in the illumination shown in 
Fig. 117, on the same curve of equal illumination, the physiologi- 
cal effect is not constant, but varies from point to point. On the 
curve of 850 near the center of the room, an object casts four 
shadows of approximately equal intensity, in different direc- 
tions. The shadows are sufficiently marked to assist in seeing, 
and the illumination in the shadow is quite high ; thus the illumi- 
nation is very satisfactory. On the same curve 850, near the 
edge of the room, the four shadows fall in nearly the same 
direction, only one is marked, and by the overlap of the shadows 
a large compound shadow is formed, in which the illumination 
is very low, distinction difficult, and the illumination thus 
unsatisfactory. Thus with the same physical value of illumina- 
tion, on the same curve 850, the physiological effect in this case 
changes from a very satisfactory illumination at one place, 
to a quite unsatisfactory illumination at another place. Thus, 
in this instance, while the solution of the illuminating problem, 
given in Fig. 117, is physically perfect, that is, the illumination 
very uniform throughout the entire room, and the efficiency 
high, physiologically the illumination is satisfactory only in 
the middle of the room, but becomes more and more unsatisfac- 
tory the further we go outside of the square formed by the four 
light sources. Physiologically the illumination would probably 
be improved by locating the light sources in the four corners 
of the ceiling, or in the centers of the four sides of the ceiling. 
Physically, this arrangement of lamps in the corners of the room 
would greatly reduce the efficiency, thus require either more 
•power, or lower the average illumination; the arrangement of 
the lamps at the sides would decrease the efficiency less, but 
would considerably impair the uniformity of illumination, giving 
a lower illumination near the comers of the room. 

Furthermore, in illuminating engineering, enters as an impor- 
tant and largely unknown factor, the effect on the physical and 
physiological illumination, of the objects in the ffiumina e 
space, and of the observer; that is, the light flux distributio 

and its physiological effect, as 

light sources and distribution of their light flux 

illuminated space, is not sufficient to so ve e pro e 
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illumination, but consideration must be given to the changes 
resulting from the use of the illumination. For instance, in 
the illumination shown in Fig. 117, and discussed above, the 
diffused light, 0.250, resulting from reflection from walls and 
ceiling, is quite considerable, and would be nearly sufficient 
for giving distinction in the compound shadow of all four illumi- 
nants, as it exists in a pronounced degree near the walls. Thus 
even there the illumination would be moderately fair. How- 
ever, when relying on this diffused illumination to see in the 
shadow of objects close to the walls, it may not be present, or 
largely reduced by the shadow of the observer, since, as seen 
above, diffused light also casts shadows, though the blur at 
the edges of these shadows is such as to make them very little 
noticeable. Thus, when approaching close to the walls to look 
at an object, we may find it shaded from the direct light and 
from most of the diffused light, thus giving unsatisfactory 
illumination. Locating the light sources in the corners or the 
centers of the sides of the room, we get pronounced shadows 
of the objects located against the walls of the room, and thereby 
again unsatisfactory illumination, although in this case, physio- 
logically, considering merely the room without the objects which 
may be located in it, the illumination would be satisfactory. 
Thus we may have to sacrifice uniformity of illumination still 
further, by arranging five light sources, four in the corners 
of centers of the sides of the room, and one, of larger light flux, 
in the center of the ceiling. 

Thus, occasionally, illuminations designed for uniform flux 
density are not satisfactory^ even though the proportion of 
directed and of diffused light, and the direction of the directed 
light, is physiologically correct, because the changes resulting 
from the objects in the room, and the person of the user of the 
illumination, are not sufficiently considered. 

129. The cause of most of these difficulties in dealing with 
illuminating problems is that, physiologically, light is not a 
vector quantity; that is, light flux densities cannot be combined 
by the parallelogram law. 

Two magnetomotive forces A and B, Fig. 124, acting on the 
same point P, combine by the parallelogram law to a resultant 
C ; that is, the combined action of A and B is identical with the 
action of a single m.m.f. C. Thus the m.m.f. existing at any 
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point P of space is perfectly cliaracterized by two quantities 
only — the resultant intensity, C, and its direction. 

If, however, in Fig. 125, A and B represent the two hght 
flux densities produced at point P by two light sources 
and L^, their physiological and also their physical action may 
be entirely different from that of one light flux C derived by 
combining A and B by the parallelogram law. 



In some respects the action of the two separate flux densities 
A and B is the same, or nearly the same, as that of a resultant 
flux density C; the illumination of an opaque plane a, located 
so that both light sources L, and are on the same side of the 
plane, is the same. If, however, the illuminated plane is trans- 
parent or translucent, and also in regard to the effects of polariza- 
tion, reflection etc., the effect of the two separate flux densities 
A and B differs from that of a single resultant C. Entirely 
different is the effect if the light sources L^ and are on dif- 
ferent sides of the plane. Thus, with a plane c located in t e 
direction C, the resultant flux density C would give no illumina- 
tion, while in reality by A and B both sides of the plane are 
fairly well illuminated. Thus, with the plane in any direc ion 
within the angle ej between PL^ and PA, it receives the same 
amount of light from A and B as it would receive from C; but 
in any direction within the angle r = t: - oj, between PA and 
PB, it receives more light from A and B than it would receiv 
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from the resultant C, and receives infinitely more light in the 
direction c (that is, in this direction it receives no light from C). 
Within this angle t, both sides of the plane are illumina-ted 
by A and B, which obviously is never possible by a resultant 
vector C. 

In the illumination of a plane, the differences between the ac- 
tual illumination by A and B and the illumination which would 
result, if light were a vector quantity, by C, are only those of 
intensity of illumination. With an object of different shape, 
however, the phenomenon becomes far more complex. Thus the 
illumination of a sphere /S by the resultant C would be as shown 
in Fig. 126, — half the sphere dark, the other half light, and with 
a maximum intensity at c, shading off towards zero at the termi- 
nator mn. The actual illumination as shown in Fig. 127 gives a 




black segment of angle co, while more than half the circumference 
of the sphere is illuminated. The maximum intensity is at the 
same place c, and of the same intensity as in Fig. 126 but 
the total light flux received by the sphere is far greater than 
would be received from the resultant C, and is the sum of the 
light fluxes received from the two light sources. Thus : 

In the illumination of a sphere the light flux densities are 
added, irrespective of their direction, and not vectorially com- 
bined. 

In the illumination of a plane, by light sources which all lie 
on the same side of the plane, the light flux densities are vectoii- 
ally combined. 
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With other shapes of objects, the total received light flux may 
even be more than corresponds to the sum of the component flux 
densities. 

As in general illumination for distinguishing objects we have 
to deal with all possible shapes, it thus follows that for the gen- 
eral problem of illumination the resultant effect is most nearly 
related to the “total flux density” or “total illumination” as 
derived by adding, irrespective of their direction, all the hght 
flux densities, as was done in the preceding lectures when deahng 
with light flux distribution. Only in special cases, as the illumi- 
nation of a draughting table, the flux density in one particular 
direction is of importance, and was used as the “horizontal illu- 
mination” in the instance represented by Figs. 119 to 121. 

130. While the resultant effect, or the total illumination, is de- 
rived by adding the flux densities irrespective of their direction, 
in the physiological effect, that is, the appearance, the direction 
plays an essential part. Thus a sphere located as in Fig. 127 
looks different than it looks in Fig. 126, even if it receives the 
same total light flux. Still more marked is this difference with 
more complex shapes of the illuminated objects. Thus a land- 
scape looks different with every different position of the sun in 
the sky, and different again in the diffused light of a cloudy day, 
irrespective of the intensity of the illumination. Under some 
conditions sharp contrasts appear, where under other illumina- 
tions the appearance is flat, and with the change of illumination 
contrasts disappear in some places, appear in others, etc.; that 
is, the appearance of a complex body very greatly varies with 
the character of the illumination, entirely independent of its 

intensity. „ 

With artificial illumination it then is the problem of the 
illuminating engineer to design the illumination so as to bring 
out contrasts where required by the purpose of the illumination, 
reduce them where too great or unnecessary, etc. If we consider 
the possible personal equations of the user^ of the illumination 
as depending on his physical nature, occupation or state, further- 
more the effect of the color of light and the marked physiological 
effect which even slight variations in the color shade produce, it 
can be seen that the success of illuminating engineering prob- 
lems still largely depends on the judgment of the designer, and 
this judgment is not yet guided by any extended exac expen 
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(iiice, i»K*i*rtairi. An eiinrnums amount of work is 

siill tn !>(' done mainly in tin* fi*'H of “*‘npm'{‘ring physiology/' 
iH'fon* the t!(*sign of a sy.-tran of iiluiuination can approach the 
saiiu* rxactncf^s a,< for ioftanco thi* ^lc^ign of long-distance trans- 
mission or other engiiu‘«*ring work. 
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